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1 Introduction

This is the report from the author’s thesis progadhe IT University performed to attain the degre
of MSc in IT, software development.

The project was initiated by a suggestion of P8tstoft to further develop a library of collection
classes for the .Net platform he had developedhduwistay at Microsoft Research at Cambridge.
The goal was to achieve a library of collectiorssks with a level of functionality like the libraoy
the Java platform, where the standard .Net cotiaatlasses are much more limited in range. Peter
was an active and inspiring advisor for the prgjewny thanks for that.

The reader is assumed familiar with the Java piatfand object oriented development on such
platforms. Knowledge of the .Net platform and imtjgailar C# would be an advantage. We will
present the main differences from the Java platiarthe report. The reader is also assumed
familiar with algorithms and data structures atlthes| of the first half of the standard textboak o
algorithms by Cormen, Leiserson, Rivest and Shamir.

The library has been given the arbitrary name C5.

The report starts with some background materiahagpter 2 on the concept of a collection, the .Net
platform, data structures and a little on othetemtion class libraries. In chapter 3 we formulate
problem statement and a series of non-functiormplirements, while chapter 4 describes the
methods we have used. Then we describe the mod#lihg interface architecture for the library

in chapter 5 and the algorithmic and class desigheolibrary in chapter 6. We evaluate the library
in chapter 7 and conclude in chapter 8.

The complete source code of the library is preskm¢he first appendix. The next appendix is a
short user’s guide to the library together withriaed version of the interfaces and class refexenc
manual. Finally, there is a third appendix withsh df remaining TODOs and a few example pages
of code from the regression test suite and perfoomests.

The library is included on a CD in source and cdetpform together with a browsable user’s guide
and reference manual. Please see the Readme .@tomfihe CD for a detailed description of the
contents.
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2 Background

We have sections on the concept of a collectiom faonon-implementation point of view, on data
structures for use in implementations of collectias classes, on the platform the library will run
on and on other similar libraries.

2.1 Collection concepts

In this discuss, we treat the concept of a colbectind associated concepts from a conceptual point
of view and not from a system or programming pointiew, although it is of course with that
perspective in mind. We do not try to analyze thiecepts starting from first principles, but rather
extract some common features of e.g. existing civdie class libraries and data base literature. An
important goal is to reach set of definite meanitmgsome important terms in order to make later
narratives unambiguous and naming across theyilbnare systematic and consistent.

2.1.1 Initial motivation

A collection is a collectiomf something. We will denote a constituent of a @it by the term
“item”. We only consider finite collections. Oft@me think of a collection as being built from items
by adding or removing, but the items contained @oléection could also be given by other means,
say some function. Many collections may reportrtiiems one by one — a process denoted
“enumeration”.

We could imagine collections of two levels of comypty: collections where all items play the same
role and are of some common kind and collectionsrevthe items are of several kinds playing
different roles. As examples of the latter, consaleollection of cities and the people living in
them or of a graph with nodes and edges as items.cOuld use the terms homogenous vs.
inhomogeneous to characterize the two kinds oécbtins, but we will only consider the former
kind to be a true collection. The latter kind cdrcaurse be considered as a system of collections.

An important distinction of collections is whetlteey can contain several copies of an item or only
one. This is the distinction between bags anddfetsational algebra. We will assume that all
collections are either sets or bags (have bag cégply set semantics). Here we interpret bag in a
strict sense: if a particular item is inserted nvic a bag, the bag will afterwards contain twoiesp

of the item.

Note that the question of equality of items is afgmount importance in the distinction between
bags and sets, but it also is important for undaihg the notion of enumeration or the question if
a given collection contains a particular item. Ipusiely mathematical setting, the question of
collections and equality does not seem difficullt, ibturns out to be a thorny issue in the setthg
object oriented programming that is the real taogehis project.

We also must consider the situation of collectisith relations among the items. The simplest one
is a sequence (-ordering) imposed either by theardey a total order relation. This corresponds to
an arrangement of the items in a linear graph. €@uéd imagine relations corresponding to more
general graph types, but that would take us outsidper collections and into graph structures, and
we therefore limit ourselves to sequence ordering.
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Note the ambiguity of the term “order”. In matherostthis would usually refer to a total order
relation, which corresponds to the term “companerthis report. In everyday language, order could
easily refer to a sequence (-order) of the iteeganmdless of its origin. For this reason we try to
avoid the term “order” by itself and only use itdaombined terms like “sequence order”. Moreover,
for a collection sequenced by a comparer, we wséetim “sorted”, while if the sequence is chosen
by the user, we use the term “list”.

Finally, since there is a clear connection betwbermathematical concept of set and set
collections, we should consider the meaning oféheted mathematical concepts of relation and
function in terms of collections. The interestirancept here is the analogue of a finite partial
function, which in collection parlance will be aadl dictionary — a collection of pairs defining a
partial function.

2.1.2 Feature overview

2.1.2.1 Collections features

The following diagram sums up the motivation abamd the most fundamental features of
collections. The notation isfaature diagranof Czarnecki and Eisenecker, [CE]. The meaning is
that a collection unconditionally has an item typay have enumerations and has precisely one of
the two features set or bag. Moreover, the itente@tollection may be sequenced and that may be
by user listing, a sorting order or something else.

Collection

Item type Enumeration | |Sequenced |

Sorted List
| e

There are a number of additional feature areas:
* Which operations can we perform on the collectiSe® the next section.
» Can we (easily) access items of a sequenced dolday index?
* Is the collection mutable?
» Can we copy the collection? Can we access oldoes8i
* What possibilities are there for combining two eotlons?
» Is the collection a real collection, rather a reséib query on a collection or perhaps
generated synthetically?

2.1.2.2 Operation features
This sub section tries to categorize the variongkiof operations one can imagine on collections:
(the sub type names have been coined partly frok).SQ



Main type Sub type Comments
Query Operations on items that do not changedHheation.
Find Search for an item in a collection or chewkifs presence.
“Select” Report items in a collection accordingstain criteria.
“Create View” | Like select, but the result is boundhe original collection.
“Create Table” Like report, but create a full-featured collectmiithe result.
Update operatior (May be single or aggregateinvelve a single item or
several items)
Add Add a certain item
Remove Remove a certain item
Update Replace an item with another one
Retain Remove all but certain items
Multi Operations involving more collections, typlty named join,
merge, catenate, split etc.
Combined Operations like updating an item or agldfithe original was
not found.
Other Global Info/Diagnostic/About

2.1.3 Definitions

The purpose of this is to fix terminology. In a senthis is an early design task and so it could
belong to chapter 5. In fact, it is partly guidgddoiteria to be presented in chapter 3. However,
since it largely is governed by and is an overvidwommon usage — we are not trying to give new
definitions here, except fixing the usage of speaevords — it is here to get this fix of terminolog
early. The sources of the terms are mainly theeaf®® manuals of the .Net and Java collection
classes and an article by Cook, [Cook]. To maké sukist involves making many specific choices;
arguments for some will be presented in later arapt

In the definition table, we have marked the tergweding to their usage as parts of program
identifiers or in the narrative of this report @ide comments:

Usage Code | Def
I Interface
MP Operation (method) name (or prefix)
MS Operation (method) name suffix
N For narrative use.
PP Property name (or name part)
Term UC | Definition Caveats
Add MP| Add one or more items as specified byifcollection is a set and item
suffix or in the default way. already there, do nothing and
return false else return true.
Backwards MP Opposite enumeration order of original.
Bag N | A collection that allows several equall If we insert some item twice,
items inside at the same time. the collection will afterwards
contain two copies of the item
Clear MP| Remove all items from the collection.
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Term UC | Definition Caveats

Client N | The user of a class (a class itself)

Collection | | As a specific term in code, an This definition to keep in line
enumerable with a built-in knowledge| with the standard .Net library
of its own size.

collection N | In connections like “collection class” | More general than
any class considered as a collection inimplementing ICollection<T>.
concept

collection N | The property of two items of being | Often just “equal”

equal considered “the same” relative to the
item hasher or item comparer of a
specific collection.

Collection N | An item hasher for items of some Can have sequenced or

hasher collection type defined by the contentsunsequenced meaning
of the collections.

Comparer N | Cf. item comparer

Count PP| Size of collection in number of items

Dictionary I | A map (finite partial function) thatin
be viewed as a collection of (key,value)
pairs with the function property.

Directed | | A collection that has a defined Supports two enumeration
enumeration order. orders: forwards and

backwards.

Duplicates PP Two or more equivalent items ina |Used in NoDuplicates flag
collection. property

Entry N | A (key, value) pair in a dictionary

Enumerable | | A collection that supports enumeratipn
of its items. Two enumerations withoyt
intervening changes to the collection
will deliver the items in the same order.

Enumerator | | An object that is the mediator ofragks
enumeration through a collection.

External N | Of an item hasher or comparer, the
property of not being natural and hence
“externally” defined

Fixed Size N | A dictionary, where the set of keys i Concept used in .Net, but not
fixed this library

Hash Code N | The result of applying the selected (pCf. item hasher
default) item hasher on an item.

Hasher N | Cf. item hasher and collection hasher

Heap N | The data structure literature notion of &here is also computational
data structure for priority queues basedrchitecture and programming
on, or similar in construction to, the |language notions of heap. For
classical binary heap. our platform, we will call it “the

garbage collected heap”.

Index N | An integer defining a specific position

in a sequenced collection.

n



ata

~+

C5

Term UC | Definition Caveats

Indexed I | Asequenced collection where the | Some sequenced collection d3
indices of items in the sequence ordefssructures do not allow efficiern
maintained or readily available. indexing.

Insert MP| As prefix of operations on a list No return value. Throws
collection type: indicates that one or |exception if collection is a set
more items are to be added in a specjfend item is already in the
place. collection.

Interval MS| Used with indexed collection types to
denote the subcollection corresponding
to a specific closed-open integer interyal
of indices

Item N | An object in the role of a (potential)
member of a collection.

Item Comparefr N | A binary function from two items to ar
integer defining an order relation on the
items. Induces an equality binary
predicate on items.

Every sorted collection is based on one

The hash code functions should

a

Item Hasher N | A binary equality predicate on items
together with a compatible hash code| for performance reasons
function from the item type to integer.| separate items well, but this is
Every collection has one. not a formal requirement.

Item type N | The kind of items a specific collection
will hold.

Key N | An item of the primary side of a
dictionary

List I |Inindexed collection with a client
defined sequence order.

Natural N | The property of an item hasher or | For hasher by the methods
comparer of being defined by the iteminherited from the object class
type. for comparer by implementing

comparable interface.

Persistence N| The data structure literature notion | There is also an OO notion.

Predecessor MS he largest item less than a given ong¢Tihis is the strong notion of
some sorted collection. predecessor.

Range MR The collection of items in a sorted
collection that lies between certain item
bounds.

Read Only N | A collection where update operations
are illegal.

Remove MR Remove an item from a collection.

Retain MP Keep certain items in a collection while
removing all others.

Reverse MPReverse the sequence order of a list,| Compare to backwards

modifying the list.




Term UC | Definition Caveats

Sequenced I | A collection whose items are arrangpdliso in combination sequenced
in a specific sequence order — by the | (collection) hasher
client at insertion time or rearrangement

time or by a comparer of the item type.

Set N | A collection that cannot contain two
equivalent items.

Sorted I | Asequenced collection where the
sequence (order) is defined by an item
comparer.

Successor M$The least item greater than a given ondhis the strong notion of
in some sorted collection. successor

Unsequenced| N| Comparing contents of collections gnd
computing collection hash codes
without respect to sequence order.

Update M | Replace an item in a collection with aBut see “update operation”
equivalent one

Update N | An operation that potentially changes

operation the collection.

Value N | Anitem on the secondary side of a |May be used informally in
dictionary narrative.

View MS | A collection bound to (part of) anothe

one with write-through updates.

2.2 Data structures and algorithmic complexity

It is tempting to try to define a data structureaaet of algorithms cooperating to maintain certai
data, but that would fit any class definitidie will be content with saying that a data struetisr
the item of study in the part of algorithmics stundydata structures.

2.2.1 Computational models

In theoretical studies of the performance of akpons and data structures, one bases estimations on
one or more “computational models”, in reality sébel abstract machine models. There is a wide
range of such models: cell probe, pointer maching,cost RAM model, 10 model, cache

oblivious model. While some are constructed to eas&in theoretical difficulties (in particulareth
cell probe model), others try to extract importaatformance characteristics from real machines in
order to assist realistic predictions of the perfance and in particular relative performance of
algorithms. In statements on asymptotic completeirethis project, we will in principle base
ourselves on a unit cost RAM model (unspecifieGdgt but try to take the wide practical
differences in access times among the levels imt@ory hierarchy into account in a less formal
way. The cost measures of the computational madé#lbe something translating into a running
time estimate — typically instructions count. Ntitat none of these models is made to ease the
analysis of the effects of memory management blyagge collection.

2.2.2 Asymptotic complexity and practical performance

The theoretical analysis of algorithms is usualbde in terms of asymptotic complexity statements
in terms of the size, n, of the problem a certgaaration will have a running time cost of O(f(n))
and a space use of O(g(n)) for some functions fgadstead of being upper bounds, bounds could
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be lower bounds¥(f(n))) or precise asymptotic®(f(n))). The bounds may also be of several
kinds: worst-case, expected and/or amortized. lbeations, the problem size n will usually be the
size of the collection.

Expected comes in two senses (cf. [MR]):

» Expected (mean) cost over some random distribatigpossible input data.

» Expected cost over some random choices made @atghathm — irrespective of input data.
We prefer the latter, randomized, sense, whergaoific bad input may give bad performance
repeatedly — only with, typically very low, probhaty. In the table below, we denote an expected
bound by an e attached to the O symbol. We alwagienstand “expected” in the randomized sense
unless explicitly stated otherwise

Amortized is a mean over a sequence of consecopigeations. An statement that some operation
costs O(f(n)) amortized really means the statertieitn consecutive operations costs O(nf(n)). In
fact, the latter type of statement often is theyavay to state amortized bound precisely.

The library will not be used for strict real-timpmications and expected or amortized bounds will
normally be fine as long as the worst-case boumnalésable to incur occasionally.

When considering both running time and space usgdime algorithmic problem it often is

possible to make some algorithmic tradeoff betwlercosts. Similarly, when considering several
operations to be supported in a data structurecanaisually make some tradeoffs between the
performance of the various operations and no dpetata structure will be optimal on every
operation in isolation. Optimal data structured thién only be optimal in the sense that one cannot
improve one operation without sacrificing the pariance of another one (or the space cost). There
is a third kind of tradeoff: between initial worlk treate a data structure and the cost of later
operations. An obvious example is building indeixes database table. This is most interesting
when the later operations are all non-updatingve@dio not encounter it much in this project.

As is clear from the use of O notation, most thecaestudies ignore the “constant factors” in the
cost behavior. This is because such a constanbtdsay anything about practical performance in
itself, and because the constant factor typicalipuch harder to compute than the “exponent” of
the algorithm. A notable exception is [Knuth], wihicontains many precise computations of the
running times of algorithms on a precisely defiR&M model with specific instruction costs. Note
that the lack of constants makes comparison oflexgyanptotics algorithms more difficult; in
particular, there usually will be some possibleceptime or multiple-operation tradeoffs that
cannot be judged by asymptotic complexity.

The real question of interest is the practical cdstunning an implementation of a data structure o
actual hardware. The (theoretical) asymptotic cexip} gives an incomplete, but very important
answer or at least guidance. If two algorithms \&lgmptotic complexities e.@(1) respectively

®(n) are implemented on a real platform, then fogydaenough problem size the former will be
fastest; unless of course the practical constatdfs are such that the crossover would happen
above the capacity of the platform. Moreover, weldsay that a®(1) algorithm should be

efficient for all problem sizes unless the pradteznstants are humongous ande(n) algorithm

for, say performing a single update to a collectimiti almost surely be unusable already for
moderate problem sizes. One purpose of a collectass library is to provide implementations that
are efficient for large problem sizes, since smpeiblem sizes may be handled in a useful way even
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with (theoretically) bad code. Therefore, we needde data structures inside with first class
asymptotic complexity, but also with small practicanstant factors. The practical constant factors
may be judged superficially from the seeming comipjeof the data structure and more precisely
from a detailed implementation design, but we rmaadtical performance measurements to be on
safe ground in our selection of data structure. griaetical performance measurements will not be
mere estimations of constant factors; they are doaameveal imperfections of the computational
model underlying the asymptotic complexity estirsalehe practical results must be interpreted in
terms of the expected asymptotic complexity anceemealistic view of the actual platform, but
also in view of the possibility of a flawed implentation.

2.2.3 Data structures for collection classes

Here we will overview the most accessible datacstimes useful within general-purpose collection
classes. Note that for these problems best-possabéestructures are well known or the gap
between the best known and the theoretical lowantaes negligible for our purposes of
implementation. On the other hand, which of alteweagood data structures perform best on .Net,
and which detailed implementation choices are liestss well known.

Some of the theoretically best performers are gergiplex and only marginally theoretically better
than some much simpler ones so we will ignore tmepex ones. A case in point is some the
theoretically best predecessor structures in tira fif search trees with adaptive degrees ([BF]).

The data structures can be divided into the folhgngategories:
* Heaps
» Search trees
* Hash tables
» Linked lists
» Dynamic arrays
» Combinations of these

Heaps denote a group of data structures being lmestee classical binary heap ([CLRS]) and
implement priority queues perhaps with extra openat The group includes ordinary binary heap,
D-heaps, Leftist heaps, MinMax Heap, and Intenegh There are also more complicated types
with fast merging operations: binomial and Fibon&eaps.

Search trees are tree formed data structures wsitisiarranged (kept sorted) according to some
item comparer. The interesting ones for collectl@sses keep the height of the tree low by some
form of efficient auto balancing. Of the binary &g an early published type was AVL trees, simple
and most well known is red-black trees and alsoontgmt is splay trees that, in contrast to the two
other ones, performs rebalancing on lookup operatioo. Random treaps are binary trees kept
balanced via randomization. Of higher degree tithese are a,b trees, B-trees and a myriad of
more exotic adaptive-degree trees with a littledveisymptotics for membership and predecessor
queries.

Hash tables utilize integer functions on the itesmdin to place items into internal, array-based
tables and lookup items in those tables. The sisapypes are called linear probing and linear
chaining and have very good expected bounds. Rérdsting ([CLRS]), while more complicated,
achieves the same good performance in the worstsesse for lookups.
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Linked list structures come in multiple flavorssasgly or doubly linked and with multiple items
per node (blocked versions, e.g. for I/O efficigncy

Dynamic arrays are data structures, where thenakstorage of items is handled by an array that
are copied to and replaced by larger or smallewyaras needed as the collection is modified. A
variant type keeps the items sorted according twestem comparer.

The most interesting combinations are fast keyuipottata structures like hash tables or search
trees combined with a user-sequenced type asedlilidt or dynamic array.

The following table shows an overview of the typigarformance characteristics. All these results
may be found in [CLRS]. All data structures we ladlkuse O(n) space (unless we refrain from

shrinkinginternal arrays for performance purposes).

Data Lookup Lookup Add Insert Remove | Remove | Remove
structure | By index | By value by index | by value
Heap - - O(logn) - O(logn)| - -
Search |O(logn) O(logn) O(logn) - O(logn) | O(logn) | O(logn)
tree Note-1 Note-1

Hash - o(1yf o1y - - - o(1f
table Note-3 Note-3 Note-3
Linked | O(n) o(n) 0(1) O(1)/0(n) [O(1) 0O(1)/0(n) O(1)/O(n)
list Note-2 Note-2 | Note-2
Dynamic | O(1) O(n) o(13 O(n) O(n) O(n) O(n)
array

© expected

& amortized

Notes:

1. If subtree sizes are maintained.

2. The O(n) cost is purely a lookup cost.

3. The expected bound is in the randomized seresar(put independent) if the hash table uses
a good randomized hash function internally.

There are quite efficient, but not very well knoyeysistent (cf. table in section 2.1.3) variarits o
several of these data structures. Implementing pacsistent variants will enable strong
functionality that is impossible to obtain in afi@ént way based on the exported operations of the
non-persistent variants. On the other hand, melpllection operations like catenate may be
harder to support in the persistent variants.

2.3 .Net and The Common Language Infrastructure

2.3.1 Overview

The common language infrastructure (CLI) is a stattdrom ECMA, the European Computer
Manufacturers Association with the main componantsbject-oriented runtime system, the
Common Language Runtime (CLR), and a comprehemtass library, [ECMA]. The CLI is
constructed to support a wide range of programranguages and defines a particular one named
C#. The rest of the report will use CLI insteadNét when referring to the platform.
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The main implementation of the CLI is in the MioofisNet SDK available for MS Windows
platforms ([dotNet]). There is also a “shared selirmplementation ([sscli]) released by Microsoft
and open source/free versions under way from attganizations ([mono], [dotgnu]). The shared
or open source implementations will run on MS Wiwdand (some) Unix type platforms.

The CLR is very close in appearance to the JVM stpg Sun MicroSystem’s Java programming
language. Some main differences are some speatakés in CLR intended to aid support for
several programming languages and some featurgeffarmance improvement — most notably
genuine value types. The CLR philosophy is a littlere relaxed than the Java philosophy,
allowing redundant constructs to ease some progmgiasks. The standard class libraries are
similar in scope, but quite different in detail.€Telection of collection classes in the standard
library of the CLI is less comprehensive than ia standard Java library and consists mainly of
dynamic arrays (as lists) and hash tables. Ther@grgmming language is very close to Java.

For the practical study of this project, we haverbasing an alpha release of the MS .Net SDK, so
some performance issues may be different in a ptemurelease. Note though, that the release can
be considered well engineered and does not codéding or trace code to slow it down to a crawl.
Note that other implementations of the CLR will balifferent performance characteristics because
of e.g. different garbage collection algorithmdfedent rules for inlining by the JIT compiler etc.

For the CLR, application code and library codeasslated to intermediate language (IL or
sometimes MSIL or CIL) and usually run via a JI'Trgoler, but can also be precompiled or (in
principle) interpreted. Programs and librariesdiveded hierarchically into namespaces; most of
the standard library lives in the “System” namesgpaicsub namespaces of it. As an example, the
standard collection classes lives inside the “Sysimllections” namespace. Unlike Java, there is
no forced correlation between namespaces and soodeestructure or deployment file structure.

Memory management on the CLR is done by garbadectioin [Wilson]. The MS .Net SDK
includes an advanced, generational mark and swadage collector, which is self-tuning and
adjusts generation sizes and collection frequenoiése actual allocation patterns seen.

We end by some specific features not present irestiproduction versions of Java.

An important addition to the CLI that will appearthe next version is the introduction of
generics/parametric polymorphism to the CLR anth&oC# programming language. The C# syntax
for using generic types is very similar to C++ tdags, though less powerful: in C++ one can let
code be conditional on the type of the genericipatars and have the conditional be resolved at
compile (or link) time, while with CLR generics onannot avoid some kind of runtime check to
obtain that effect. Generics is important for makiiast, safe collection class libraries. The
following is a silly example of how the code fogeneric class “Ten” with generic parameter “T”, a
Push method to add items and an indexer to adegss by index might look like in generic C#:

public class Ten<T>
{
T[] a = new T[10];
intind =0;
public void Push( T item) { a[ind++] = item; }
public T this[int i] { get { return aJi]; } }



C5 12

The CLI standard include the Common Language Spatidn (CLS), identifying a certain subset
of the legal CLR types and rules for using thenthiilie purpose of ensuring cross-language
interoperation for language implementations that‘@LS-compliant”. Unfortunately, generic
classes are definett to be CLS-compliant according to the prereleaseuals.

An innovative facility being added to the C# langeas the so-called “iterator block”. The
following is an example of a method implementechveih iterator block as body returning an
enumerator for an infinite synthetic collection sisting of the Fibonacci numbers (truncated):

public | Enumer at or <int> GetEnumerator()

{
inti=1,j=0;
while (true)

{
inttmp =i; i +=j; j = tmp;
yieldi
}
}

An iterator block is identified by having one or radyield” statements, where control will be
suspended and reiterated, and by being the boayra@thod returning one of a few specific classes.
The C# compiler will create a few auxiliary classggange local variables into fields and transform
the body code to code for a suitable finite staéemme in order to achieve the stated functionality
Iterator blocks greatly lighten the coding needethtplement enumerators for collection classes.

If a class, C, has a method, m, which is also @efinith the same signature in, say, interfaces I1
and 12 implemented by C, then there will actualiytbree “vtable” entries for m in the IL code for
C. Normally all the entries for m will point to tlsame code. but it is possible with so-called
explicit interface implementation to have the exgnpoint to different code. Then, if m is called on
an object with runtime type C and compile time tipethe 11 specific code will be calle@ihe
following example shows the use of this featurenike a poor man’s covariance of return types:

public interface I'1{intm();}
public class C 11 {
int 11.m(){return 3;}
public virtual double m() { return 5.0; }
static void test() {
Cc=new C);
Ilil=c;
double r = c.m() + i1.m(); //8.0
}
}

2.3.2 Performance issues

In this section, we will try to outline the speqgmedrformance issues one faces when programming
collection classes for the CLR in view of typictdrsdard computational models like a RAM model
with a memory hierarchy. The main point is operagior programming constructs that are
“surprisingly” expensive on the CLR. We focus orstcim terms of running time and run time data
size and not on JIT time or code size. A nice aesv\of these issues by G. Noriskin is [Noriskin]
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2.3.2.1 Locality

Locality of memory references may be extremely irtgodt for the performance of code on modern
machine architectures with several layers of memaches with several orders of magnitude
differences in access time. In the CLR, fieldslgeots or structs and elements of arrays are laiid 0
consecutively in memory, so at that granularitymaey control locality. Reference types are placed
in memory without our control and if long-lived nexy elsewhere by the garbage collector, so we
may fear that accessing a reference field usuadigma a non-local memory reference and hence be
expensive, although the way the garbage collectamptes objects could in fact lead to better
locality. For linked (e.g. tree-based) data strieguusing higher-degree nodeay mean less
reference accesses for operations if relevantianxihformation is kept in nodes.

2.3.2.2 Boxing (and unboxing) of value types

This is wrapping (and unwrapping) value types litegers or user defined structs inside objects
allocated on the garbage-collected heap — a vgrgresive operation. The architecture of generics
in CLR has been constructed to avoid boxing opamatin code with a generic parameter that may
have both value type and reference type instaotiatiNote that in Java all “value types” are boxed
unconditionally. When coding casually in C# one raagily overlook boxing done implicitly so

one might want to check compiled IL code for boxingfructions. This has not been done during
the course of this project though.

2.3.2.3 Value types vs. objects as building blocks data structures

Value types will, unless implicitly boxed, be alided on the stack or inline in arrays. Therefore,
when we can avoid boxing, value type building bkwlould put less pressure on the memory
management system and may cater for better loadlata. On the other hand, large structs may
be expensive in time and space to copy/duplicatgpened to a reference.

2.3.2.4 Method calls

The CLI, unlike java, allows method calls to beldesd as virtual or not. Both types are executed
via a vtable entry and are of equal cost, excegtrvthe non-virtual call may be inlined. A method
called through an interface also uses a vtabletéikke and is slightly more expensive (by a branch)
With the typical (recommended) programming styl@igramming to interfaces not the concrete
implementation classes, the compiled user codecwiitain calls to interfaces.

Some existing “System.Collection” classes (Array)lLes/oid making methods virtual in order to
allow them to be inlined. While this may be of sovmaéue for a dynamic array implementation, it
entails the problem for a collection class thatasitsubclassing will be harder to do correctly er w
must seal the collection class to disallow subatasdNeither problem is acceptable for this library
so we shall make all public methods virtual unkgsscial circumstances dictate otherwise.
2.3.2.5 Inlining or avoiding method calls

The JIT compiler will inline some method calls, wiée call is not virtual, the target body is
sufficiently small, only uses if-then-else contilolv and satisfies some other conditions. Some
rules have been outlined in [Noriskin], but thegraonmed rules are subject to change. The inlining
rules are not very aggressive. Therefore, we shoulsielves inline explicitly in the library for
performance reasons, but only when the library ¢@debeen developed to a mature state.
2.3.2.6 Utilizing tail calls

The IL intermediate language of the CLR has a."taibktruction prefix that instructs the JIT
compiler to compile a tail-position method callatgump eliminating the old activation record. The
(current) C# compiler never emit the tail call nustion prefixes. Tail calls are not faster in
themselves on CLR, but may leak less space byetaining references from activation records.
Using tail calls would mainly be beneficial for ersive use of (deep) recursion, which we do not
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expect to do very much. Therefore we will not apeho post-process the output from the C#
compiler, inserting “tail.” instructions as allowed

2.3.2.7 Object lifetime vs. memory management costs

Allocation of objects on the garbage-collected hisgaccording to [Noriskin]) quite cheap
compared to typical non-gc allocation schemes, Umcallocations in the first generation are linear
(no freelist). The expensive part of memory management is ptioghobjects to the second and
later third (and final) generation and managing fitocess. Therefore, the recommendation in
[Noriskin] is that object lifetimes should be eithery short so such objects are never promoted or
very long since the cost of promoting such objeats be amortized over a long period of time.

For a collection class built from some kind of selbntaining one or more item, we cannot expect
to be able to achieve this. Unless the collectlas<cis built quickly and then kept static, we must
assume that it will at all times have a varied ofiages of cells.

2.3.2.8 Avoid many small objects

One way to reduce the memory management costs bettlltry to avoid allocating many small
and perhaps short-lived objects. Unfortunatelyt iaxactly what one would expect in an actively
modified collection class built from cells. One ey could be to make the cells larger — think
higher degree trees instead of binary trees. Usahge types where possible could help too. It iis no
advisable to maintain pools of cells, since sudls @suld tend to be old and make the garbage
collection costs higher than if not maintaining go®l and using freshly allocated ones.

2.3.2.9 Write barrier check

The CLR uses a generational garbage collector. \&ilesra reference field in objext is updated,
one (the CLR) has to checkat is in an older generation than the reference bagsggned to it

and perhaps add that reference to the “remembetéthrder to be able to garbage collect the
younger generation in isolation. According to [@ras should expect the barrier check to cost
around seven machine cycles. Again, using treem@mdink nodes) with several references might
avoid barrier checks by avoiding some updatesfesence fields and updating bitmaps on
deletions or restructurings.

2.3.2.10 Exceptions

It is very expensive tthrow exception on the (MS implementations of ) CLRegoeptions should
not be used for ordinary flow control.

2.3.2.11 Use of unmanaged or native code

Since the items we are collecting will often beerehce types and so “managed” in CLI jargon,
there does not seem to be much point in using uageghor native code performance wise — we
would be crossing the line between the two worlgisstantly, having to pin the items in memory
and thus interfere with garbage collection. Onehthighagine that certain very specialized data
structures on integers or strings could be moieiefitly implemented completely in native code,
but that is uninteresting for this project, where ave interested in generic collections.

2.3.2.12 Generics Code selection

As mentioned above, C# generics is less poweréul th++ templates when it comes to selection of
code based on actual types of generic parametaniregions. This might make it harder to make
the best implementations for specific value tygay, We do not want a runtime check on item type
on every access to select code. However, it magtbeesting to do the check at generic parameter
instantiation time or in a constructor and instaetione of several auxiliary classes with the right
type specific code in a field. Then the overheadiattime might be just an extra indirection.
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2.4 Other collection class libraries

As noted in the introduction, the starting pointlelvelopment in this project was the Generic
Collection Classes library by Peter Sestoft witlplementations of linked lists, dynamic arrays and
red-black trees. This library is part of an efflarexplore the use of the generic extensions ahC#
various areas of programming ([PS]).

For the project of this report, the linked list ilqmentation was copied from PS’s code, but
afterwards refactored heavily. Our tree and amgylémentations were in principle written from
scratch, but with a keen eye on PS’s code. Othprcss, of ideas, code organization and style have
been inherited from that source, but we will ngtttr trace the connections further here.

We will very shortly describe some characteristitether related collection class libraries.

The standard CLI collection classes of the platfoontain both generic, non-generic and
specialized collection classes with some non-umiftyramong them. The base data structures are
hash tables and dynamic arrays (as lists) witlvéinent of sorted arrays. This implies a serious
lack of choices for the user when it comes to Vit of performance characteristics. This seems
to be a deliberate choice by Microsoft, leaving enextensive collection class implementation to
third parties. The actual collection classes oftame much more methods than the collection
interfaces they implement, so those interfacesdeaconsidered lightweight. Whenever reasonable
we will follow these classes with respect to nanohglasses and methods.

The Java standard collection classes of the cuprexiuiction version are based on a more
comprehensive range of data structures: linkes, Idsthamic arrays, linear hash tables, and red-
black trees. The interfaces are more heavyweigint those of CLI, but there is the peculiar policy
that it is allowable or even recommended for asctasot implement a method of an implemented
interface honestly if the resulting method wouldvieey slow. Instead, the implementation just
throws a NotimplementedException! We will take Jagahe main inspiration for the
comprehensiveness level and general architectutends follow the idea of dishonest interface
implementation. There exists a commercial collectiass library for Java, JGL ([JGL]) much
inspired from C++ STL, see below.

Smalltalk-80 also has a comprehensive set of dalleclasses. These are discussed with suggested
improvements by William Cook ([Cook]). We have baéespired by his insistence on consistent
naming, separation of inheritance hierarchy frotarfiace hierarchy and by some of the Smalltalk
types, like Updatable, Sequencable, Indexed.

The Standard Template Library (STL) of C++ contamsumber of collection classes, but the
library is organized in a different way then theeare are tageting, e.g. no use of interfaces. The
people working on STL are very concerned with &fit algorithms and the sorting algorithm we
have chosen to employ in our library ([Musser]) gesvn out of work on implementing STL.
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3 Problem statement

The problem to be attacked in this work will betestibas a top-level goal, the real problem
statement. Then we will present some quality resménts for guiding the implementation.

3.1 Goal

Create a library of collection classes for the @ldt can assist expert and non-expert programmers
on the platform to develop correct and efficierplagations.

The library should at least fill the gaps in thaenstard “System.Collections.Generics” namespace
compared to standard collection class librariesdtated object oriented languages.

The library must utilize the generic extensiong® CLI announced for version 2.0 of the MS .Net
SDK (fall 2004) — available in alpha release foints August 2003— and scheduled for an
upcoming revision of the ECMA CLI specification.

3.1.1 Comments
The related languages would be in particular Jadsadso Smalltalk and C++.

Experts are the ones who know data structures amd anplement them given time — non-experts
would be the ordinary application programmer witthel knowledge of algorithms and complexity
and a propensity to use arrays (or linked listsefeerything.

The introduction of generics promises both improgsta in the areas of safety because of more
precise typing and of performance because of thareltion of type casts, checks and boxing.
Nowhere would these improvements be more obviosiblei than in with collection classes.

Many data structures are not generic but specthfizeone or only a few item types, typically
strings or integer types, and can be much moreiefii in their domain. A library of collection
classes should implement the most generally useies of these, but we have chosen to
concentrate on generic data structures.

3.2 Quality/non-functional requirements

We want, of course, the design and implementabdretof a high quality. In the rest of the chapter,
we discuss which quality requirements are partipulenportant. The discussion will be structured
according to the headings of McCall and Matsumatb some additions from ISO 9126 through
the presentation in Lauesen [Lauesen]. Note tleausers are the application programmers.

3.3 Operation

3.3.1 Integrity (security)

The library itself will not have any authenticationaccess control features, but it might be called
by code running with restricted CLI security preges, say untrusted user code downloaded from
the client to a web server. The library shouldaltwiw uncontrolled elevation of the privileges of
the untrusted code.
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3.3.2 Correctness and Reliability

It is very important that the user can feel sa#d the classes will work according to specification
under all circumstances. There are several panitsis: using mature, proven data structures inside
the collection classes; using mature coding tealeggand using effective testing methods.

There is a special issue of fault tolerance: theaty must throw exceptions when relevant and not
silently ignore errors. Internal data structuresuti not be compromised by erroneous or illegal
input from user code.

Another aspect of fault tolerance would be whatdesys when a user-supplied operation like a
comparer or hasher throws an exception. It musteieed as a breach of contract by the user to
supply such an operation to the collection clasd,the collection class has no way of making sure
the supplied operation will not throw exceptioriss Inot reasonable that performance (or code
readability) suffer seriously by guarding callauser-supplied operations with exception handling
blocks; moreover, it is not obvious what such adhenshould do. Therefore, it is up to the user to
make sure the contract is upheld and so in theafagelation the collection class may be left m a
inconsistent internal state.

3.3.3 Usability

The library should take away or at least lightemltirden on programmers of employing good
efficient algorithms within the area of collectiofi$wus, it should implement simple data structures
to lift the burden of tedious (and so perhaps gorone) programming. It should also implement
complicated data structures that might otherwiswmbalifficult to employ. Moreover, complex
variants of the internals of such data structunes at little runtime cost can support extra caitec
class functionality should be considered positively

In the absence of user surveys, we should use enatigrface architecture and naming of types and
operations should reuse good patterns from siniiearies.

The library should fit the needs of the programm@re propose three success criteria for type and
operation selection:

* Functionality and performance is intuitive i.e. raurprising for an educated user.

» ltis difficult for clients to achieve similar p@rfmance and/or functionality without.

« Convenient to use, supports common good programidioms
The middle point is not obligatory. Naming is armpontant point in the first and last points.
Emphasis should be put on the naming of types pedations to consolidate:

» Tradition in object oriented languages (for prognmaens with such knowledge)

* Tradition in the theory of efficient data structsi@r programmers with such knowledge)

» Consistent use of names or parts of composite names

» Use of suggestive and not overly long names wiiteding ambiguity.

Keep the complexity of the system of types — itipalar interfaces — low to assist the user’s
overview. The number of operations in interfacesutthbe comprehensive to permit substitution of
one collection class for another one when thersewveral relevant classes with different
performance characteristics. Thus, we should hamaanum of operations in collection classes
not in their implemented interfaces. This goalasteary to the current CLI collection classes,
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where the interfaces are much more lightweight tharclasses, and comes at the cost of making it
harder for the user to implement the interfaces.

We want to allow the user to be able to programéointerface not to a specific implementing
class, so the classes must support all publishechbpns, even if a specific operation is difficualt
implement in a specific data structure. This istany to some Java collection classes, where some
interface operations are implemented in earAgle operations simply throw an exception.

Conceptually orthogonal features should be indepeitgiselectable, but only to the extent that the
complexity of the interface architecture and theaddructures available allow it. We must avoid a
combinatorial explosion in the number of interfaces

3.3.3.1 Documentation

The library documentation is of primary importarficethe usability. The implementation must be
accompanied by comprehensive usage and referecoenéatation organized in a way that will be
familiar to users. Emphasis should be put on ggidiee user in selecting the best classes for a
particular job, e.g. by documented performance @mpns among the implemented classes. The
documentation must clearly explain the performari@acteristics of the library classes. Contents
should include Overview, Guide to selection, classhber details. In particular, the documentation
should clearly warn about which of the operationaspecific class are particularly expensive and
thus should be used only sparingly.

3.3.4 Efficiency

The collection class implementations should us#-ilass base data structures or algorithms —
having good asymptotic complexity and good constddeally, the very best data structures of a
certain kind and perhaps some simpler runners opldhe implemented and their practical
performance compared to choose the one(s) bestidoit this platform. In practice tradition, time
constraints and gut feeling on behalf of the imgaters of the library will be deciding factors on
the data structures to be evaluated. Theoreticaptexity/efficiency predictions should be backed
by documented experimental evidence, as shouldebonade between design alternatives.

Complexity in itself of implementation of a datausture should not be an argument against its use
in a collection class — on the contrary, complegdyld be an argument for implementing it in the
library if there is useful collection functionality be gained. Since there will rarely be a singa
structure whose performance is the best for eveeyation individually, we should employ a
comprehensive set of algorithms/data structurds avivide spectrum of performance fingerprints.
Efficiency for large collections is more importahén utmost efficiency for tiny collections.

3.4 Revision

3.4.1 Maintainability

To make it easy to localize and safely repair srvae will try to follow good coding practices for
naming, indentation etc. We will use the naminglglines appendix to the C# standard. MS does
not seem to have published a version for this NEK of their fxcop code-checking program, so
the control of conformance to coding standards elimanual. The source code will be organized
into directories according to base data structywe aind large classes split out to individual seurc
files (no formal rules for the splitting).
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Documentation of the internals will be suppliedthig report.

Another role for maintainability will be played lblye existence of comprehensive automatic
regression test suites that can easily be extetodelteck that code changes do not break
functionality.

3.4.2 Testability

The requirement is that the automatic test sultesilsl be easily extensible so that one can test new
functionality together with checking that old fuioetality is not broken.

3.4.3 Flexibility

How easy is it to expand the library with new feas? We should try to avoid making it hard to
implement the interfaces or subclass the colleatlasses. We will be making the interfaces heavy.
That on the one hand makes them harder to implerardton the other hand, makes them strong
machine checked design guidelines.

3.5 Transition

3.5.1 Portability

The implementation should only use platform featuexpected to be) standard, not use native
code and not use “unmanaged” code.

For reasons of availability of development todig library will only be tested on MS .Net SDK
(PDC alpha). This will mean that specific perforroarfeatures of this platform — including possible
performance quirks of an alpha implementation — mtyence detailed design decision, but that
seems unavoidable.

3.5.2 Interoperability

Since the CLI platform is designed to support mamgramming languages, it would be nice if the
library was language neutral, but we will onlyitrfrom C#. The preferred way of assuring
language neutrality on the platform is to be CL8pbant, but the documentation of the platform
version, we use states that generic typesiar€LS compliant.

3.5.3 Reusability

This refers to the question of reusing the libissyrce code in other projects. We intend to publish
the library with a BSD or MIT/X11 style open soutmense. This is the license the Mono project
prefers for add-on libraries and will be more palbée for Microsoft than, say, a (L)GPL license.
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4 Methods

4.1 Overall methodology

To create a library of collection classes for thdRCwe could envision employing Domain
Engineering in the sense of [CE], develop a newwaitte more lightweight methods or by porting
existing code from java to C#. The first one is aotoption because of the resources needed for
user surveys, comparative study and evaluatioctobhusage patterns for collection classes and
data structures. As for the last idea, we are wara of any generic collection class libraries for
Java that could be used.

Therefore, we will use modern lightweight objeaeated system development methods. Instead of
the initial extensive exploratory steps of domaigiaeering, we will just rely on the analysis of
other library implementers as a reference pointamhentioned earlier some preexisting C# code.

One major issue in the chosen approach is thatauttie typical business application setting
targeted in most literature on systems developnwetannot do conceptual modeling only in
problem space. We need to analyze solution spataio@ntly because that is the only way to
categorize which problems can be solved, in theesehwhich purely conceptual collection classes
(with specified performance characteristics) mayaty be implemented.

The following is a list of tasks to perform. Theler given is a normal logical progression, but in
practice, there will a lot of overlap/iteration.

» Set goals.

» Study existing libraries and if possible publisiiesign rationales.

* Conceptual modeling (whéat a collection)

» Study data structure literature and overview datecgires (as bases of collection classes)

» Establish guiding principles for library architeand type design

» Design interfaces.

» Design classes/algorithmic design.

* Implement, measure, test and document the classes.

* Evaluate.

While we try to describe the modeling and desiga lagical progression it must be stressed that
the library is designed as a whole, where the worknplementation details may inspire the
“early” design principles.

The goals for this project have been describedhapter 3. The next four points have been treated
in chapter 2. The interface design will be estéigigsin chapter 5 and the implementation will be
described in chapter 6.

Whenever we mention something that would be interg$é¥ut has not been implemented, the
reason is time constraints, which is rarely stabgalicitly. We have tried to prioritize so that the
most important features were finished first. Withayrecise plan up front there necessarily will be
mistakes in this as will be clear from the TODQ iilsthe appendix.
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Below we will describe a few more details on meaguand testing and on the development tools
used.

4.2 Measuring performance

Our performance measurements have been concenbrasgghthetic micro benchmarks, i.e.
benchmarks consisting of a few operations in a tbapis repeated many times and timed in order
to assess single-operation times. We have usedtthem
» Compare performance of implementation alternatike) for choosing the implementation
of a specific feature and for deciding whether seuoiefeature is worth including.
» Check the accuracy of the asymptotic complexitypi@dicting performance (also a check
of the correctness of the implementation).
» Compare different classes to gauge their usefgjgan
» Compare to other similar classes to gauge thetyulthis implementation.
In practice, only the first point has been donenash as one could wish. Details of some results
will be presented in chapter 7.

We want to measure the performance of the colleatiasses as a function of the size of the
collection. The most used type has been “full saotit’, where we alternately add items until a
prescribed maximum size and remove items until graptl repeat until some large total number of
operations is reached. We repeat for varying masirsize. Since half the operations will happen
at a size at least half the maximum size, this lshgiwve a fair view of the dependence of operation
speed on the size, but note that we only get a roktdre add and remove operation times.
Depending on the precise class, we would use raratithand remove or a systematic procedure
like LIFO or FIFO. We should also measure lookugee tests should be performed both with
small value type items (like integer), large vaiyge items and reference type items, but in practic
we have almost only done the first type.

Garbage collections tend to use time in burstsyesghould let the individual benchmark timed
loops run so long that most of the memory managénusis associated with each measured time is
included in that time. During initial tests withsmaller number of iterations, one often sees
systematic artifacts on the size-to-time graphsngegly due to garbage collection. The timing of

the loops can use a processor time counter oredapsae counter. Our graphs are based on the
former that seems more reproducible, but we haveyas measured both for control.

Micro benchmarks may be misleading by exaggeratamtain platform features. Perhaps a micro
benchmark happen to use the memory hierarchy vicieatly, while normal usage of the same
collection class would not have such good localftgnemory access because of other code.
Another source of problems could be that the tyfjpata used (random) or systematic is not
representative of the real environment in whichdlasses will be used.

There has been a single more full-application ¢eemerformance test to compare various tree
persistence alternatives, cf. chapter 7.

We are not aware of any standard benchmark soiteeasure the performance of collection class
libraries like the present.

Microsoft recommends using a profiler when tuning performance of code on the CLR. We are
not aware of any profilers readily available foe trersion of the platform we use.
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4.3 Testing

The main testing of the library has been done vegeession test suite developed side by side with
the library. We have used the open source NUnIt(fblinit]) to assists in organizing and running
the tests. We have typically run the tests vergrgfsometimes after every compilation.

The design of the test cases has mainly been els-bé test in the usual “where could we expect
something to go wrong”/corner case style. Neveegelsome tests have been made systematically
designed to cover all corners of code in the casees and hash tables.

We have used a custom code attribute, Tested, o wiach public methods of classes is deemed
sufficiently covered by test cases.

As a supplement to the unit tests, we have perfdriests that performed large numbers of random
add and remove operations with an integrity chétieck() method) in between each operation.

At some points, we have put Debug.Assert(...) statésna the code to check invariants, but
nothing systematic here.

4.4 Development tools

The alpha release of the .Net platform we have uoeathins Microsoft Visual Studio.Net (VS.Net),
supporting C# development and other languagesthendNet SDK with command line tools like

the C# compiler, csc, debuggers and nmake. Thiseama choice of the alternatives: use VS.Net or
us a suitable program editor (emacs) together thi#hcommand line tools. The first alternative was
chosen because the author was very familiar witsdtond one.

4.4.1 VS.Net

VS.Net is an integrated development environmert witanguage sensitive editor, debugger and
build management. We have used features as ca@ngitive completion extensively. A nice
feature is that if one writes the directive thanhsoclass implements some interface, the
environment will offer to create dummy implemerdas of all members of the interface not
already implemented. VS.Net puts a special intéapiom to comments like “//TODO: ...”, whose
text will be dynamically maintained in a TODO lifturing development, this was very convenient,
because you get the best of both worlds: the comatahe right place and an overview.

We have used the outlining features and organtzedaurce code in outlining regions normally in
the following order: fields, nested classes, pavaethods, constructors followed by one region for
every interface implemented (directly or indiregtly

We have used conditional compilation by defininggrocessor symbols a lot for being able to
compare implementation alternatives. Typically vathmuch code sharing as possible between
alternatives, which unfortunately tends to makedb#e less readable than if one e.g. just used the
symbols to select whole method implementations.tMbthe preprocessor symbols should be
removed, since a production version should chooseng the alternatives, but for the tree
implementation a symbol choosing between set agdgemantics will survive.
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C# puts a special meaning to comments startingtitte slashes, //, as class documentation and
when given the /doc flag, the compiler will extréoe comments to a flat XML file keyed by a
mangled class or member name. We have used thenerate the reference manual, see below.

One organizes a “solution” in projects, which wiually create exactly one CLR assembly file
each. We have made a project for the library itseffroject for the regression test suite, a coaple
projects for performance test and special tegispj@ct for documentation extraction and a project
for extraction of “Tested” attributes to a database

4.4.2 NUnit

This is a toolkit to assist unit testing C# progsamn particular for automatic regression testing.
Test cases are defined by custom code attribugss jllustrated by an example:

using NUnit.Framework;
[ Test Fi xture]
public class Inserting {
private IList<int> Ist;
[ Set Up]
public void Init() { Ist = new ArrayList<int>(); }
[ Test]
public void Insert() {
Ist.Insert(0, 5);
Assert.AreEqual(5,Ist[0]));

}
[ Test]

public void IsEmpty() {
Assert.IsTrue(Ist.ISEmpty));
Ist.Insert(0, 5);
Assert.IsFalse(Ist.ISEmpty));

}
}

The [SetUp] code will be run before each individiiast] case. There is [TearDown] to cleanup

after each [Test] case and [ExpectedException(0.¥$t throwing of exceptions. We have used

the GUI test runner, which shows the test casediiee built from namespaces and [TestFixture].
After a test run, good test cases become greemngbla®ne may select parts of the tree to run.

4.4.3 Other tools
We have used CVS for version control (and backup).

A small Perl script (set2bag.pl) generates treedoalg from tree set code. To be run manually after
modifications to the tree code.

An extension of docNet, a tool supplied as souozkedy Antonio Cisternino. The tool generates
an XML file of type and member descriptions videetion. We extended it mainly to support
generics. The output is consolidated by XSLT (mexgl) with the XML file of documentation
comments produced by the compiler to produce thm t@ference manual.

We developed a tool in C# to export various custonte attributes defined by the library to an MS
Access database used for analyzing the data. lenthethis was only used for tracking [Tested]
attributes.
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5 Modeling and Interface Design

In this chapter, we shall describe how the coltectioncepts of Chapter 2 are modeled in the
library taking into account the available data tuies.

During the chapter, we will formulate general pites as guides for the modeling in order to
make the final design uniform. In reality, the piples were developed side by side with other
work on the library.

We will first discuss modeling features of singlenms and features of collections. Then we discuss
the interface architecture of collections and ditdiries. Finally, we discuss the design of the
interfaces in terms of selection and naming ofrthre@mbers.

5.1 Item features

Here we treat the subjects of item equality, hasles and comparers. We also discuss collections
as items of other collections and touch on itemesehdentity is decided by a subpart.

5.1.1 Equality

The most fundamental feature of items to modebijea oriented terms is their identity, i.e. how
can we say that an item “is” in a collection orttha item returned from a query operation on a
collection is “the same” as some “other” item?

Items of a particular collection will be modeledddyjects of the item type — reference or value — of
the collection. We need to be able to decide wihwenstuch objects are “equal”. There are two
canonical meanings of that in the CLR: one givemhgymethod Equals inherited from
System.Object and perhaps overridden and refeesmqeaity given by the ReferenceEquals method
of System.Object. Unfortunately, these meaningsaeestricted. The items will normally be
defined independently of the collection and wilt necessarily have an Equals method that fits the
needs of a specific collection. A type may haveesagwdifferent meanings of equality relevant for
collections of items of that type; see e.g. thestjoa of collections as items treated below.

For these reasons, every collection class will hisvewn distinguished meaning of item equality
given by an item hasher or an item comparer, aco@to the nature of the internal data structure.

5.1.2 Hashers

When the internal data structure does not idertgfyis via a sorting order, the equality will be
given by an item hasher object, defined as impleimgithe generic IHasher<T> interface:

interface IHasher<T>

{
int GetHashCode(T item);

bool Equals(T i1, T i2);
}

Here T is the generic parameter to be instantiayatie item type. (Here and in following code
snippets from the library, we have elided accesdifieos like “public” for easier readability.)
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The methods should be consistent so that equas ikeve equal hash codes. They must stable so
that repeated calls on the same items (in binaryeyeyields the same results or implementations
must at least state precise conditions under wihishwill happen so that the user may know if the
hasher with certainty can be used safely as anh&sher in a particular setting. The methods must
never throw exceptions.

The hash codes, the results of calls to GetHash@oeenot required to have any particular
properties of distribution or independence. An iempéntation should try to make non-equal items
have different hash codes with high probability.

Every item type has a natural hasher defined byribihods inherited from System.Object. In the
next chapter, we describe helper classes for ageatitural hashers and various external hashers.

Note that our IHasher<T> is very similar to Syst€pillections.Generic.IKeyComparer<T>, but we
have made our own definition to avoid the use efwlord “compare” in a situation where we do
not talk about a sorting order.

5.1.3 Comparers

For internal data structures based on comparingsit@ sorting order), the equality of items will be
given by an object of the IComparer<T> class:

public interface IComparer<T>

{
int Compare(T a, T b);

We interpret the result of Compare in the usual\ilagt “a” less than, equal to respectively greater
than “b” if the result is negative, zero respedyvymositive. The Compare method must be
consistent, defining a sorting order. Like a hashenust also be stable and not throw exceptions.

If an item type T is comparable in the sense thatplements one of the System.IComparable or
the generic IComparable<T> interfaces, there iataral comparer for that type. The next chapter
will describe some helper classes for creating siathral and some external comparers.

There may be cases, where the natural comparecafeztion identifies items too easily. Consider
a priority queue, where priorities are given by'ian priority()” method on the item type returning
only a few different values. If we use a tree dditacture for the priority queue, we cannot just
create a comparer by comparing priorities, but mgstextra properties of the items to distinguish
them in the comparer so they will not be identifieside the tree. On the other hand, if we use a
binary heap data structure, then it will be saft ja use the priorities to define a comparer sthee
heap will not identify items inside. Implementatsoof collection classes based on item comparers
should document whether it is safe to use a “weakiparer like this in this way.

There may also be cases, where one wants to usBa@acer that strictly speaking is not perfectly
self-consistent. Consider a geometric problem wherevant to compare coordinates of points in
the plane. If the points are given by floating paoordinates with possible round-off errors it is
tempting to use a modified standard comparer obldoualues that identify two numbers if they are
less than some small numbers. If we can assur@thi@ise coincidences will happen, such a
comparer implementation would be fine. We will itse@ a geometric example in chapter 7.
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Note that it is possible that a comparer (or a @aidr that matter) could have some internal state
influencing its results. This is the case in thevamentioned geometric example, where we
compare y-coordinates of line segments at a spebiifit varying, x-coordinate. If no line segments
cross in an area of interest, such a comparer earsdéd as basis for a collection object.

5.1.4 Embedded keys

Sometimes we want to identify or compare itemsusy sgome “key” part, because the rest of the
data in the item depends on that part. We congidesging an “IKeyer<T,K>" interface that would
define a method extracting the key and which tagretvith a hasher or comparer for K would
induce a hasher or comparer for T, but we foundeabuse for it.

A special case of embedded keys is dictionaryenas (key, value) pairs. Inside the dictionary, we
would like to identify such pairs by their firstroponent as an embedded key. The library defines
an entry type (a value type) “KeyValuePair<K,V>"tamashers and comparers for it based on
looking at keys only.

5.1.5 Collections as items

The collection objects we create may themselvesrhedtems in collections, and while it is
possible that the user would want reference equalitdentify collections, it is much more likely,
that equality based on contents is the relevant@ntortunately, for collections with a sequence
order, equality based on content equality may tteeedefined by comparing items one by one in
sequence order or by comparing contents irrespgeofigequence order — we cannot assume the
user would always want to use the sequenced wegrpare contents. Because of this ambiguity,
we cannot just override “object.Equals” on collentclasses to define contents equality. We could
define an equality method (override) that wouldageone or the other equality concept based on a
flag property, but that would preclude that a gigehlection could simultaneously be item in a
collection with sequence order based equality modehe items and another one with
unsequenced equality model (the idea is ugly anywidws, we are left with implementing the two
equality concepts via individual methods as describelow.

By unsequenced equality of contents, we will alwaryderstand the “with multiplicity”
interpretation — known from relational algebra bad” equality.

To define hashers with these two equality conceptsvill need to define corresponding hash code
functions. These functions may only depend on tmgents, one not even on the sequence order,
and must be universal across collection classes.

For the unsequenced hash code, we must use theddes), ¢ c,... of the items and are in practice
restricted to a collection hasher of the formyji{b(c,) o...oh(c,), where h is some integer function
ando is some associative, commutative integer opera@abrthe simple choices far only bit wise
xor and addition does not suffer from values tlkatrict the result and xor is terrible for bag
collections (an even number of some item wouldgperied). Thus, we should select addition, but
then we need some good hash function for h, eksedhection hasher would be bad for an item
type like integer with hash codes equal to the st&memselves. Unfortunately, the current library
uses an unsequenced collection hasher that justxoséo sum the hash codes of the items with no
intermediate hash function, then adds the sizeéesh# half word to the left.
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For the sequenced hash code we would in practesarsething like k(gk(c-1(;...))) for a

suitable integer function k(,). The current libraigses k(a,b)=a+31*b, which may be fine for most
purposes. One could argue that 31 should be sutiestiby some random integer, constant over the
lifetime of any particular execution of an applioat

These equality operations and hash codes havepasent problem that the argument collections
will usually be mutable objects and so the resafithe operations are only valid momentarily,
while conceptually they should be stable. We coatflire that the operations only be valid if the
collection arguments were (flagged as) read-omig tarow an exception else), but that would
make user code too inflexible and ugly. Thus, wiéwake it the user’s responsibility to ensure
that the collections are not mutated while being gollection or while old equality results /hash
codes are being kept. He is of course free to makections read-only to guard against
modifications.

The only natural comparer of collections is lexi@ghical comparison of sequences of comparable
items. This is too special to include in this gahgurpose library. (Set inclusion is not total).

5.2 Collection features

We will discuss collection features grouped acargdo whether they are expressible as interfaces
or not. The features we touch on have been memtionehapter 2, or are present in one or more of
the existing collection class libraries or simii@raries in some form.

The most fundamental feature of a collection arfyuisithe kind of items it can hold. As noted
above, we will model that by letting the item typethe generic parameter of a collection class, or
in case of a dictionary, the key and value typdkheithe two generic parameters to the class.

A feature that attaches to a complete collectiostrba classified by whether it is expressed by
existence of certain operations, hence by interifapdementation or by some other means. In the
latter case, we will try to express the featureav@operty (normally constant, but not necessarily
cf. how read only collections are treated belowe @tiernative would be to use empty marker
interfaces like java’s RandomAccess interface fhisaiclass with a “fast” Contains method. Empty
marker interfaces is in our opinion at best a nr@safshe interface concept. Another alternative
would be to use custom code attributes, but therigature would necessarily be fixed by the
implementation and access at runtime much lessetoent than a property. Moreover, while code
attributes would allow inspection at compile tirttegy would only be useful if development tools
included specific support for them. A third, unstictory alternative would be to just let the
expression of the feature be part of the namesbrije a documentation issue.

5.2.1 Interface definable collection features

The most important feature is the kind of datactne inside. We should not define an interface for
every data structure we implement, but createexseh of interfaces by extracting and unifying
sets of operations available in various data atrest We should not have a binary heap interface,
rather a priority queue interface. The selectiomtd#rfaces and their interrelations is a global
puzzle, where one tries to balance simplicity vaging able to fit each data structure nicely i t
structure. The result is presented below.

There is a major separating line in the set ofectibn interfaces between proper collection classes
and dictionaries, because the latter by naturdumasion-like properties and not just set-like



C5 28

properties. From an interface point of view, ih@ so important that a dictionary can be conslere
as a special kind of set of pairs; that is mordul$eom an implementation point of view.

The extra interface definable collection featureshave identified are: clonable, serializable,
persistence, support for multiple collection operag and covariance of collections in the generic
parameter.

5.2.1.1 Interleaved enumeration and updates: updasle views and fingers

It is illegal to interleave operations of an enuater with updates to its collection. The linked lis
class of the java library has attached a Listlteraekass that can iterate through the list, going
forwards and backwards and safely perform some fications to the list. We have tried to
generalize this and combine it with the updateatde on a CLI ArrayList returned by the
GetRange method or the result of a Java subLikt cal

The generalization consists of a few operationseate a view on a subinterval and move it around
the collection. The view itself should be an updhte collection of the same type as the base type.
For simplicity, a view is only valid as long as th&se collection is only updated through that view.
Since we only intend to implement this with listleotions, we will just integrate the view
functionality in the list interface.

An interesting and closely related concept woul@ Bnger” pointing to a specific place of a
sequenced collection, an item or rather a gap letweo items, and being kept valid under updates
of the collection according to suitable rules. Ewould be operations of lookup and updates to the
collection relative to a finger. The finger conceptvell known in data structure literature, atslea

in connection with search trees. An updateable vgeslose to being equivalent to pairs of fingers.

5.2.1.2 Clonable

The CLI has a standard interface “IClonable” forrkirag this feature. It is explicitly not defined in
CLI documentation whether a clone should be shatiodeep, but to support “IClonable” for
collection classes, a general decision should li#eroa this point. The most natural would be that
cloning logically corresponds to creating a newemtion object of the same type and adding all the
items of the original. The library should suppddning, but does not yet do so.

5.2.1.3 Serializable

Serializability in CLI is defined by applying th&eérializableAttribute” attribute to the class ahd t
serialization process may be customized by impleémgmhe “ISerializable” interface. This is the
way to define serializability for our collectionasises. Most of the data structures we use should
support serializability “out of the box” by just@idg the attribute, although the default serial@at
algorithms may not be the most efficient. We haweaxamined that question, but it might be faster
to serialize an array of the items. The exceptiosttaight default serializability is hash tables,

which would have to be rehashed after deseriatimdiecause the hash codes of items are bound to
have changed, at least if defined by the standatrgbtt. GetHashCode()” method. The collection
classes in the library ought to be serializablé¢ doe not marked as such in this version.

5.2.1.4 Persistence

(This is the notion of persistence as used in skatecture literature, cf. [DSST]).

If the base data structure of a collection clagsersistent (fully or partial), it can be exposedha
interface in a couple of ways:
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1. If the data structure maintains all versions,coeld have a method or property returning old
versions by a generation id and a method for retgrthe current generation id.

2. There could be a “Snapshot” method to rememéisians on demand.
It depends on the type of persistence, full origlarvhether the old versions are mutable or not. |
the case of full persistence, the “Snapshot” mettadbe regarded as a (fast) “Clone” method.
While the first alternative is the typical viewpbof the data structure litterature, the second one
seems more natural in the realm of collection egsso we use that (it can also be much more
memory efficient). Since the property of being nilgas not an interface feature, the type of
persistence should not interfere with the persesenterface.
Thus we could have an interface “IPersistent<Tst jith the operation “Snapshot” returning
some sort of general collection type. But we wdwge to combine this interface with all kinds of
collection interfaces resulting in a combinatogaplosion in the number of interfaces and we
would have a too general return type of “SnapsHostead, we create persistent versions of the
interfaces corresponding to data structures wheractually implement a persistent version, in
practice only leading to the “IPersistentSorted<irtérface implementing “lindexedSorted<T>"
with a “SnapShot” operation returning an “ISortedXT

The data structure literature defines other kirfdseosistence, in particular confluent persistence,
where one can combine several collection objeagsrlist catenation, in a persistent way. While
interesting both from the point of view of the ftinoality offered to the library user and from the
point of view of interface design, we will not atipt to implement such data structures and
therefore we will not discuss the interface design.

5.2.1.5 Support for efficient multiple-collection @erations

Such operations are abundant in data structuratlitee under such names as: catenate, merge or
split and there are versions of heaps, lists, tegeswvith efficient operations of this kind. Ontbé
virtues of linked lists as a data structure is éydhbat it allows fast catenate and split openadio
Unfortunately, many of the very fast algorithms destructive, e.g. not preserving either of the two
arguments in a catenate operation which makeskitvawd to design as interface operations. Note
that it typically is hard to combine such operasiovith persistence without a performance hit.

This kind of operations should be part of a librgkg this, but in the current version, we have
decided not to include any implementations or dethg interfaces. We have of course methods
like “AddAll(items)” but they just enumerate and dot utilize any structure of the argument and
are not “efficient multiple-collection operationisi’ the above sense.

5.2.1.6 Covariance in the generic parameter

The announced generic extensions for java 1.5 dedsupport for so-called “wildcards”, allowing
one to partially consider C<U> as a subclass of €U is a subclass of T. This is interesting for
a collection class library since it is natural saivé an operation like

interface ISomeCollection<T> {
void AddAll<U>(IEnumerable<U> items) where U : T { }

}

that will add all the U and hence T items of thguanent to the collection of T. Unfortunately, the
announced CLI generics will not allow a restrictmmparameters as above although safe in this
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case. We have decided not to introduce such methtmthe interfaces without the parameter
restrictions since the implementations would havenake runtime checks and casts.

5.2.2 Non-interface definable collection features

Here we discuss support for synchronization of afp@ns, mutability, set vs. bag semantics,
operation complexity, user-defined limited capgangak entries, stack or queue semantics of
default add/remove operations and live file peesise. All these features have some counterpart in
the java and/or CLI collection class libraries.

5.2.2.1 Support for operation synchronization
Any interesting data structure implemented as ssdla CLI without multithreading in mind will be
unsafe for simultaneous updates by different trg@aidy an update concurrent with a lookup
operation. Some data structures, where the intdatalare also modified by lookups (for
optimization purposes), will even be unsafe foridtaneous lookups — the most notably example
being splay trees. While the user is free to imgensynchronization without support from the
collection class library, the library can suppostileast these ways:
1. Unconditionally protect internal data acces$wotks as in the original java library.
2. Like 1., but only lock if a certain flag propers set.
3. Offer wrapper classes that synchronize operstimtonditionally with locks as in newer
java libraries and early CLI.
4. Export an object for the user to lock on fordyonization. This is what newer CLI
collection classes do.
The main problem with the first point is a largefpanance hit in the common situation, where the
locking is not needed. The problem with the nexd pwints is that this only supports a limited kind
of locking scenario, where the locking is donehatdgranularity of a single (external) operation.
Thus, a situation where one needs some sort afécdion synchronization over several operations
is not supported. Moreover, the existence of imsgéd functionality may mislead non-experts into
a false sense of security in an area that is reatsly difficult to test effectively.

While the last point is always an option for themshe fourth point may be a relief in the case
where the access to only one collection objectdv&& protected at a time by taking care of the
management of locking objects. For this reasonfollew the strategy of newer CLI, with the same
property name, “SyncRoot”. We have to be carehdt tlerived collection classes (like a read-only
wrapper) exports the same object for locking as#dse object.

Since it would be highly non-intuitive for many us¢o have to use locking to protect simultaneous
lookup operations, we disqualify from this libragy data structure that would need it.

Note that the discussion above shows that “synchediis not really a good feature for a
collection object. We could introduce an “ISyncheale” interface just containing the
“SyncRoot” property definition, but since this isiaiversal property of at least editable collection
classes, we will refrain from doing so.

5.2.2.2 Mutability: read-only or not, “fixed size”

A read-only collection compared to a similar typetafle collection supports fewer operations but
is conceptually of the latter kind. Therefore, tomcept is not definable by interface and we will
define in collection classes with update operatmpsoperty, “ReadOnly”, which enables a safe
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check at run time on the validity of update operagi WWhen such a collection is read only, calling
an update method on it will throw an “InvalidOpevaException”.

There can be several reasons a collection is repdibmay be a result of a query on another
collection, where updating through the result setat defined, but then the type of the result
collection should not have update operations. tadbe a collection, where the internal data
structure is static, i.e. populated once and thidy supporting efficient queries, not further upetat
We do not have any such static data structureapéeiment in this work. Finally, the purpose could
be to localize the code that can update the callecto ensure some invariant or perhaps protect
against untrusted code. (A thorough discussiorrateption against untrusted code would involve a
discussion of CLI code access security, which tsidae the scope of this project.)

For the last of these reasons, a way is needed@lke anread-only version of a collection. In
implementation, this could be based on a shall@nelwith “ReadOnly” set to true or could be
based on read-only wrapper classes. With the Jatewill need one wrapper class per major
collection interface, while the former would needle in every collection class implementation.
We prefer the wrapper class method. The souglitifmtionality can then be exposed by an
operation, say “ReadOnlyView()", or by the wrappksses having constructors taking the
collection to protect as argument. We do not neetlLtter the collection interfaces with more
operations, so we select the latter, i.e. no speperations.

The CLI has a related concept, “Fixed Size”, ofcionary object where the set of keys is
immutable. While this may be interesting for simparposes as having read-only views of
collections, we have no obvious general-purposéagtions of this in mind and have refrained
from including the concept in the current versidthe library. If included, it should be by means
parallel to read-only.

5.2.2.3 Bag or set semantics

The distinction between bag and set is not wetkesuio be defined by an interface: conceptually, a
set is also a bag, but bags could support moreabpes than sets, e.g. removing all copies of a
certain item as opposed to removing just one cojty o

Therefore, we define a property showing if a caltecobject is a set or a bag. We have chosen a
Boolean “NoDuplicates”, since the meaning of thete should be immediately clear for the user.

5.2.2.4 Cost

Every collection class will have time and spacdgrarance characteristics depending on the
behavior of the underlying data structure and ty@lémentation details. These performance
characteristics are mainly interesting for the paogmer’s class selection and therefore the
documentation, but some information may be useful@mtime to optimize certain operations. The
most obvious example is checking equality of theteots of two sets. We first check if the sizes
are equal and if so, we check that every item ms®t is in the other one. Here it is important tha
the set considered the other one has the fastesbarship operation.

We add to every searchable collection interfaceopgrty, “ContainsSpeed”, taking one of the
values constant, logarithmic or linear with theueabased on the asymptotic complexity of the
underlying data structure. One could constructrodihdiner grained cost properties, but we have
only seen use for this one. Note Java’s markerfate, RandomAccess, with a similar purpose.
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5.2.2.5 Stack or queue semantics of default Add arRemove

For a (random insert) list type, it is importantats the default position for adding and removing
items. We have selected that Add will always adth&oend while Remove will remove from the
start or end according to the value of the Boolgaperty FIFO. This property will be modifiable
by the user unless the list is read-only.

5.2.2.6 Fixed capacity/restricted size variants

That would be a collection class throwing an exiceptlocking or dropping the item when an
insertion is attempted after reaching a certaia gizeshold. While one could imagine less
functional but slightly faster collection classédlos kind and special situations where this would
be interesting, they do not belong in a librargltkis.

5.2.2.7 “Weak” collections

The main reason for considering this concept hetied standard java class "WeakHashMap”. A
proper collection class with weak references tatdmas doesn’t make sense — what should be the
result of enumerating the collection? Internal wezflerences could make sense for the entries of a
dictionary as in the java class, but in our settthgtionaries are always collections of entries. F
this reason we will not implement “weak” directai@ the library and refer users to the (easy) task
of making a weak wrapper himself.

5.2.2.8 Live file persistence

(This is persistence as sometimes used in OORLtlite.) This would be a feature to bind (or “tie”
in Perl jargon) a collection object to some obati{permanent storage so that the in-memory view
is kept synchronized with the storage contentgysscprogram invocations or application domains.

The concept is clearly interesting for programmbut,does not fit naturally into a general-purpose
collection class library for CLI. Tying a collectimbject to an ordinary file system file does nat s
the way CLI is normally conceived and functionafiby tying to a DBMS table belongs to a data
access library. In fact, ADO.NET contains functieadind a database table to an object of type
“DataTableMappingCollection” implementing the stardi“IList” collection interface.

5.3 Interface architecture

There are two primary kinds of collection interfa@e the library:
* Interfaces capturing the essence of a family od dauctures having a similar set of
operations.
» Interfaces capturing the operations relevant ftlecbon type results of queries on the first

type.
To this we add intersections of interfaces of thst kind to clarify common functionality.

The interpretation of “family” and “similar” mustlance the wish for few interfaces with the wish
to not force too many “inefficient” methods ontoglementations.

A main problem in the construction of the interfacehitecture is to avoid having to add unions of
interfaces, typically unions of the primary intexég with various small interfaces for auxiliary
functionality. We do not need unions for implemetitaises of class definitions. The need will
appear if we have methods returning a collectian iths important to know implements two
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(original) interfaces, not just one of them. Sualous, if there are several small auxiliary integfs
could lead to an explosion in the total numbemntdrifaces.

The CLI (generic C#) puts a special role on thesté&ym.Collections.Generics.IEnumerator<T>”"
interface in connection with iterator blocks; wesnstay consistent with this special role. Else, we
define all collection types independently of thgsteém.Collections” namespace.

All types are put in a single flat namespace, GBré are a couple of helper class violations af thi
rule now). We follow the C# language specificatiaming guidelines and use PascalCase with an
“I” prefix to name interfaces. Names must of coueseect common usage and the most prominent
features of that interface. Other identifiers th@erface names will use PascalCase too except non-
public fields, local variables and method paransetehich all use camelCase names.

5.3.1 Proper collections interface architecture

The following figure shows the system of interfat@sproper collection classes in the library.
(Note: “IComparer<T>" is of course not a collectiorerface, but some of the collection interfaces
implement it. For completeness, we should let “t&olieCollection<T>" implement

“IHasher<T>".)

P | Enurrer abl e<T>

A

]
A

| | Edi t abl eCol | ecti on<T> | | PriorityQueue<T>

A A
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I ndexed<T> | Sort ed<T>
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I Li st<T> | Il ndexedSor t ed<T> |——| | Per si st ent Sor t ed<T>

Figure 1: collection interface overview

We refer the reader to the appendix with the mafarahe exact contents of the interfaces.
Discussion of the contents is done for some pdtiisisection and for the rest in the next section.

The primary collection interfaces are, with typisakrnal data structures:
» |EditableCollection<T>: hash tables
* |IPriorityQueue<T>: heap data structures
* |Sorted<T>, lindexedSorted<T>: search trees ankdatlynamic arrays
* |IList<T>: dynamic arrays as lists, linked lists.

5.3.1.1 Query result collections, enumeration
There are two basic interfaces for query results:
* |Enumerable<T> supports enumeration, GetEnumejator(
* ICollection<T> also “knows” its own size via the @u property.
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Thus, one would return an IEnumerable<T> in cadesravit would be expensive to decide the
number of items in advance. IEnumerable<T> alsaahfasv higher order methods (All, Exists,
Apply) and ICollection<T> has CopyTo for copyingetitems to part of an array. These are almost
the same as interfaces of the same name in thersyallections.Generic namespace. These
interfaces are also implemented indirectly by edhl” collection classes (except pure priority
queues).

For query results on a sequenced collection, thatreas a meaningful enumeration order and

therefore a meaningful backwards enumeration ofdexnder to be able to do something like
foreach (T i in coll.Backwards()) {...}

to have coll enumerated in the opposite of the lusuaker, we introduce interfaces

» IDirectedEnumerable<T> and IDirectedCollection<T>
that adds a Backwards method as above and a Dingmtoperty showing if an object enumerates
forwards or backwards relative to the original eclion. That method and property are also present
in ISequenced<T>.

Note: two enumerators of a collection of any typeldd deliver the “same” items in the same
sequence if no updates come in between the creatfcdhe enumerator.

5.3.1.2 |EditableCollection<T>, IPriorityQueue<T> and ISink<T>

IEditableCollection<T> is the simplest “real” cadteon interface in the library, i.e. describing a
collection to which one can add, look for and remdems. IPriorityQueue<T> on the other hand is
an atypical collection interface in that it does eeen support (non destructive) enumeration or
lookup (we do not want to add such operations toesof the target data structures). ISink<T> is
just the intersection of the first two. The namieditableCollection and ISink are terrible, but was
the best we could think of.

5.3.1.3 lIndexed<T> vs. ISequenced<T>

These interfaces can be seen as intersectiondoésrthat both express primarily that a collection
class is sequenced. The difference is that lInd€keds used for collection classes that not only
maintain a sequence order but also means of angagsins by index into the sequence (efficiently
relative to other operations). Therefore, lindexBeas:

* Properties for accessing items and intervals aistby index: this[i], this[start,end]

« Methods for finding the index of an itemdexOf(item) int LastindexOf(item)

» Methods for removing an item or intervakmoveAt(int i) Removelnterval(start, count)
ISequenced<T> only contains definitions for theusgtped collection equality and hash code
methods. It is usually implemented by explicit nfdee implementation and not as ordinary virtual
methods.

On the sorted collection side there is a paraifebion with the lindexedSorted<T> vs.
ISorted<T> interfaces. Here the indexed versioaddition to the members above adds primarily
* Methods for counting items in ranges: CountFromyi@BromTo, CountTo.
* New versions of RangeFrom, RangeFromTo and RangeFeturning an
IDirectedCollection<T> instead of an IDirectedEnuaide<T>
» Sorted versions of the higher order FindAll and Magerations.
(The last pair has nothing to do with indexing, fistbetter here because the main sorted
collections in the library actually are indexed).



C5 35

It is moreover on the sorted side the data straaeesson for making both sequenced and indexed
interfaces lies: trees without sub tree sizes, ikde copy persistent red-black tree snapshote®tdo n
allow efficient indexing and are therefore only sexced. This also explains why the Snapshot
method of IPersistentSorted<T> returns an ISorted<T

5.3.1.4 Why is there no stack or queue interfacesé in java and CLI?
One can use implementations of IList<T> for thoggpses. Stack and Queue interfaces would not
fit well into the architecture above.

5.3.2 Dictionary interface architecture
The dictionary interface architecture is much senpl

| | Enuner abl e<KeyVal uePai r <K, V>> |

I Di ctionary<K, V>

A

| | Sort edDi cti onary<K, V> |

Figure 2: dictionary interface overview

We simply note that a dictionary consists of aodgtairs (with function property) and we have a
plain dictionary interface for hash table basediaiaries and a sorted dictionary interface for
search tree based ones.

5.4 Interface design (member selection)

We generally include in an interface all membepgrations from the reference libraries belonging
to the interface, perhaps after proper renaminghde been through all java and CLI collection
class manual pages to collect members. We eveat@tta systematic cross-reference database, but
it never got close to completion.

5.4.1 Some general naming and selection notes

We have tried to follow CLI nhaming but since we @alecided to use “Range” only for ranges
given by comparison of items, we use AddAll for ARlthge, Removelnterval for RemoveRange
and GetRange that creates an updateable viewisihhea$é become CreateView.

Some notable differences with java usage of wosgsuse Count where java uses size for the
number of items in a collection. We use diction@ike CLI) instead of java’s map. We use insert
instead of add for insertions by position intodist

5.4.2 Failure modes

While not formally definable in interface definitis of CLI, we must fix and document the correct
failure modes for operations at the interface léoehake implementing classes truly substitutable.

The failure mode can be specified as throwing aeptton of a certain kind or returning a
“normal” error code. One guiding principle for tbleoice is that out of range conditions in
connection with indexing could be expected to lbesalt of a programming error so we throw an
exception. Moving an enumerator after modificatbbrthe underlying collection must throw an
exception. We differentiate between Add and Insesthods in that the former returns a status
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indicating success while the latter will throw aeption on error. Finally, lookup and remove
operations generally do not throw exception, bturrestatus codes.

5.4.3 Higher order

The final version of the new CLI with generics wiltlude some “higher order” functions, i.e.
methods that take a delegate (sort of a functiont@Q of a particular type and perform some
operation that involves using the delegate orteths in the collection. There will be
» Exist and All that takes a Filter delegate andrredwa Boolean,
* Apply that takes an Applier delegate and appli¢s &ll items,
* FindAll that takes a Filter delegate and createsva independent collection of the matching
items and finally
* Map that takes a Mapper<T,V> delegate and creat@sdependent V collection of the
mapped items.
We have chosen to define counterparts in thisyhgaacing Exists, All and Apply on
IEnumerable<T> and placing FindAll and Map on Ikt and lindexedSorted<T>.

5.4.4 Add vs. Insert

There in one major division in the range of operatithat add one or more items to a collection:
whether the item is to be put in a user-specifiadgin the collection (in that case, a list). W dn
decided that the user-specified-place operatiofidiawve an “Insert” prefix, all other adding
operations an “Add” prefix or be just “Add” for &fhult addition operation. Now, what should
happen if we try to add an item to a collectionwvgéet semantics and the item is already there? The
adding operation needs to signal that situationghvban be done either via a return code (in the
return value or in an out or ref parameter) orlygwing an exception. Both may be useful for the
programmer, but since we do not want to promotegtxans for normal flow control, the return
code method will be used for “Add” operations, raing a Boolean value. Note that for a
collection with bag semantics “Add” will alwaystuen true. For “Insert” operations to a set, we
have chosen to throw an exception when the itesiréady there. The idea being that the user is
less likely to want to insert a specific item isgecific place in a set-semantic list and havéenexck
a return code to see if the item was already soraewise.

For operations adding several items to a set, a™Aperation will just ignore items already in the
set, while an “Insert” operation will throw an epten if any item is already in the set.

5.4.5 Lookup and combined operations

We have mentioned methods and properties for lobuipdex above. The library supports the

traditional membership operation:
bool Contains(T item)

This method tells if the specified item is in th@lection; or more precisely if there is an itentle

collection equal to the specified one. There is al$ess traditional extended membership operation,
bool Find(ref T item)

This method works as Contains with the addition thidle lookup was successful, the actual item
found inside the collection will be returned in thyref parameter. If T is a reference type, thmite
returned must be the exact garbage collected Hgaptdound; if T is a value type, the item
returned must be an exact binary copy of the sfouwetd. This idea may seem a bit far-fetched at
first glance, but is ideal for implementing a lopkinside a dictionary constructed as a set of pairs
with equality of pairs defined by only the key gaifhere is the problematic issue that a synthetic
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collection of reference type items would have tcheathe generated object to fulfill the
specification.

We have included a number of operations that cbalgerformed by combinations of Contains,
Remove and Add, but has much more efficient implaateons for many data structures by only
having to traverse the data structure once:

* bool Update(T x): replace an item equivalent toithw in the collection.

* bool FindOrAdd(ref T x): look for item and repoudtaal object found, add if not found.

* bool UpdateOrAdd(T x): update item if found, addtead if not found.

* bool RemoveWithReturn(ref T x): remove X, repog #ttual object removed.
The existence of these operations make dictionaeyations much more efficient. The two in the
middle return true if x was added, which is prolyatdunterintuitive with those names.

All the methods mentioned in this section belontEditableCollection<T>.

5.4.6 Multiple item operations

We have a usual collection of such operations: AddA ISink<T>; RemoveAll, RetainAll, and
ContainsAll on; AddSorted for ISorted<T> and Ingdirfor IList<T>.

5.4.7 Collection hashers

Slots for the unsequenced and sequenced colldaisimers mentioned earlier in this chapter has
been added as GetHashCode and Equals methodsitabl&@ollection<T> and ISequenced<T>.

Classes implementing those interfaces must maletkat the right method variant will be called
when a client calls it through an interface calu$, the methods should probably be implemented
via explicit interface implementation.

5.4.8 Additional methods, properties, comments by interface

5.4.8.1 ISIink<T>

This is the intersection of all collection interéschaving update methods. We have put Boolean
NoDuplicates and ISEmpty properties and the SyntRaperty here. There is a Check() method
for a consistency or invariant check of the intédea of the collection class.

5.4.8.2 IPriorityQueue<T>

The priority queues this interface describes atbhioended by having methods for reporting and
deleting both the maximum and minimum: FindMin(gl&€eMin(), FindMax(), DeleteMax(). Note
that we use the traditional priority gueue nam€4&.gS]) — the usual conventions of this library
would prescribe using Remove instead of Deletegi@ally, we also envisioned a single ended
priority queue, but could not choose which endujgp®rt. The user should not be forced to code
around only having, say, a queue with only maximhased operations. To be able to implement a
traditional binary heap we have added a Boolearbl2@inded property to the priority queue.
Crippled implementations will signal that it onlyports maximum-based operations by setting the
property to false and throw exceptions on invoecatibthe minimum based methods. This violates
our design principles, and we intend to remove Defbded and the binary heap implementation.

Note that [CLRS] also has an IncreaseKey operatigheir definition of an abstract priority queue.
We have found it hard to support such a methotisdetting.
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5.4.8.3 |EditableCollection<T>

In addition to members mentioned above, IEditableeCton<T> contains the properties
IsReadOnly and ContainsSpeed, the standard ToAretlgod and a couple of methods interesting
only for bags: RemoveAllCopies, Countltems.

5.4.8.4 |Sorted<T>

The remaining methods of the sorted interface @ue $trong and weak predecessor and successor
operations and a special “Cut” method. The predsreand successor methods throw exceptions to
indicate no such item. They were originally puaimIPredecessorStructure by themselves, but we
found no real utility of such a separate interface.

The Cut method takes a non-decreasing functiomeitém type, given as some object (formally)
implementing IComparable<T> and reports the largest at which the function is negative and
the least item at which it is positive, if anyTlis actually IComparable<T>, the function object,
is a T item and the collection uses the naturalrgporder, Cut simply performs a search for t,
reporting predecessor and successor if any — witihoowing exceptions if none were found.

5.4.8.5 IList<T>
This interface is for sequenced collections whieeeuser decides the sequence order.

In addition to already mentioned members, theraa@ection of Insert methods: by index, at
either end and before or after another item, whiohld have to be found first.

Second, we have methods for the view functionalityeateView for creating a view, Slide for
moving the view relative to the base list and thegprties Base and Offset for reporting the base
list and offset of a view.

Finally, there are the following special methodsdibanging the sequence order:
* Reverse for reversing the sequence order of thesite
» Shuffle for randomly shuffling the items.
» Sort for sorting, IsSorted for testing if sortedceording to some comparer.

5.4.8.6 IDictionary<K,V> and ISortedDictionary<K,V>

These have an indexer and the expected methodsaiataining the dictionary and a few non-
standard combined ones, like bool UpdateOrAdd(ledy, which does the same as “this[key]=val”,
but also report whether the key was already irdtbgonary.

Note, that unlike java, we do not allow searchioigvalues in a dictionary, only for keys.

The ISortedDictionary<K,V> just adds predecessar successor operations.
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6 Class design and algorithmic design

In the previous chapter, we described the architecnd details of the interfaces of our library.
Here we will describe the actual selection of dditactures implemented and the classes that do.
First, we discuss several topics important fosalteral collections classes, then we cover the
implemented collection classes and finally disahessupport classes of the library.

6.1 General implementation topics
We partition these topics in topics of classesrapthods, semantics, complexity and security.

6.1.1 Classes and methods

6.1.1.1 Helper classes

There will be the need for other classes than dleation classes proper. Helper classes needed for
the results of query type operations should beeddstthe original class. We will not implement
factory classes, say a factory class that coulatereollections with a certain interface and where
the specific implementation would be given by nadv&ile this could enable very easy
substitutions of implementation in user code, itldamask differences exposed by the constructor
sets. The user may of course implement own fadiasses easily and in such a concrete setting,
the use of specific parameters to constructorsidhmimore obvious.

6.1.1.2 Static methods

We avoid static methods (utilities) when the saffececan be achieved with an ordinary instance
method. Therefore, an operation like sorting avlistild use a “Sort()” operation of the listerface
and not (as in Java) a “static Collections.Sor#ilst)” method.

6.1.1.3 Natural and/or external item operations (hshers, comparers)

For all item types, there is a natural notion eftequality and hash value — given by the “Equals”
and “GetHashCode” methods inherited from the “afjjelass or given by methods defined as
overriding those. For item types that are integnedimparable, by implementing the “CompareTo”
method of the standard or generic version of “ICaraple”, there also is a natural notion of item
comparer. In these cases, we can implement “naoléction classes containing (virtual) calls to
the mentioned methods. However, sometimes we nakgtiion classes where the hasher or
comparer to use is not the natural one or theme isatural comparer. The hasher and/or comparer
must be supplied to the collection class construtiofortunately, we cannot use the exact same
code as the above mentioned “natural” collectias®ts, the calls to the Equals etc. methods has to
be changed to interface calls to methods of thash¢r” or “IComparer” generic interfaces.

We have chosen to only implement collection clasgdsgeneral hashers and comparers. The
classes will have constructors, where one can guw@pbhsher or comparer as relevant, but also
constructors with no such arguments. Those cortstsiwill construct a hasher or comparer from
the natural notions if possible — if we need a carap but none is supplied and the item type is not
“IComparable” then the constructor will throw arception. The workings of the hasher and
comparer construction will be described below i shipport classes section.

This choice has the disadvantage that we loose penfi@rmance at the item operation calls for
natural collection classes, the worst case proladilyg that in an integer collection, integer
comparisons etc. will not be inlined, but calletbtigh an interface.
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6.1.1.4 Collection hashers
The unsequenced and sequenced hash codes ofioakdtave been defined in chapter 5. They
will be returned by the interface specific methedinitions mentioned there. There could be three
different ways to implement them:

» Compute on demand

» Compute on demand, cache result

» Compute incrementally while modifying the collectio
The first one is clearly too expensive, violatirrg\wgly the contract that hashers should be of O(1)
asymptotic complexity. The third one, while secgrithe correct complexity, will spend time
maintaining hash codes that will only be usedéf ¢bllection happened to be inserted in some
other collection, an uncommon case. If a collectmbe inserted in another one is not changed
after the first time the hasher is called, thensideond way in the list will only use constant tifoe
computing the hash code, when amortized over upgarations to the collection. We will choose
the second way of computing the hash codes, wiladiditional comment that we protect the
cached values with stamp ids and recompute thedwasds if the collection was modified since the
last computation of that hash code. Note that waeatdcannot) check whether the individual items
of the collection (on whose hash codes the cotladtiash value depends) were changed.

Note: A collection may contain itself, perhaps nedily, if the item type is object. In this cadsg t
collection hashers would never return but get artainbounded recursion and abort by throwing an
exception (probably StackOverflow). From a strigirp of view, this means that our
implementation is in violation of contract, but fgation would incur a gigantic overhead to
maintain a (hash) table of already encounteredctdbje detect loops.

6.1.1.5 Constructors

The principles for selecting which constructorolection class will have are the following.

First the standard parameters that can be préBesrte can be constructor parameters of external
hasher and if relevant, external comparer. If tikection class uses arrays internally for storage,
there can be a parameters asking for an extendedapacity. There can be non-standard
parameters for special data structure parametbesewill be no parameters for populating the
collection class.

As for constructors, there will be a default ond ane for each combination of the standard
parameters. With non-standard parameters, thesgreeiection of constructors will be made case
by case.

6.1.1.6 Use of protected fields

Sharing code among collection classes, we havalfgurecessary to also have a number of
protected fields. For example, the size and startgger fields for all the collection classes in the
library are defined in the generic “EditableCollenBase” helper class. That way, subclasses can
have fast access to those values. Unfortunate/nmbans that user-created extensions of the
collection classes will have uncontrolled acceghé¢dfields and may by programming error violate
invariants as “the size field holds the numbertt@inis in the collection”. This can be considered bad
design and is at least questionable in view ofdggiirements of chapter 3.

6.1.2 Semantics

6.1.2.1 Relations between set and dictionary implesntations
Conceptually, a dictionary is a special kind of&gpairs, namely one defining a (finite, partial)
function from the key domain to the value domaiowNif we use the equality concept for pairs
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that two pairs are collection equal if their ficemponents are equal, then sets of pairs will
correspond exactly to finite partial functions dectionaries. We shall in fact implement
dictionaries by building on set implementationshis way. Details are given below in the treatment
of class “DictionaryBase”.

An opposite way of relating set and dictionary iempkentations would be to use a dictionary with a
value domain of e.g. integer and all actual vakepsal to zero inside a set. This has the advantage
of not using the slightly non-standard pair eqyaliut the disadvantage of wasting space for
unused value components in the set class. Noteeoather hand that we may use this construction
with counts as dictionary values to build a badgemtion over a dictionary.

6.1.2.2 Keeping objects alive

The question is: is it acceptable for a collecttass to be implemented in a way that objects are
kept alive longer than their “logical” lifetime? iBhcould happen by design, using some lazy
deletion strategy, where items to be removed araewessarily deleted from the internal structure
at once, only marked as removed, postponing theabmoval for later. It could also happen by
error, if internal data structures (e.g. arrays)rast cleaned between operations. Special care must
be taken with unused elements at the end of tkeenak array of dynamic array data structures.

The main principle is that object lifetime shoulel fredictable by the library user and not counter-
intuitive. Thus, the normal policy is that collexnticlasses do not keep objects alive that are not
reachable via external operations.

We will allow implementations keeping objects alpast their formal application lifetime if this is
in concordance with the assumed normal usage nidwedeviation from normal policy must be
clearly stated in documentation together with adpson of the assumed usage mode. There is in
fact only one case of this in this library, permsndtred-black trees.

6.1.2.3 Setvs. bag classes

In an ideal world, we would be able to specify viegta collection class had set or bag semantics
independent of any other features. In practice,esdata structures (e.g. pure linked lists) have
much more efficient bag than set implementatiortsve@ would not want to make a set version.
One could imagine data structures, where we coaNg la set and a bag implementation in the same
class, selectable by a flag property, but we hateacognized such cases and all classes will be
either sets or bags in this library.

6.1.2.4 The meaning of the “Update” method

The meaning of the “Update” method may be mystarioom a purely conceptual point of view.
Assume we have a set collection and the correspgruillection equality (not necessarily
reference or binary equality). If item c is in &&t and d is collection equal to c, then the resfult
“Update(d)” will be that the actual item equal tmside the collection object is replaced by d.
More precisely, if the item type is a referencestyiie reference to c inside the collection object
will be replaced by a reference to d; and if tleenittype is a value type, the copy of c inside the
collection object will be replaced by a binary cayfyd. For bag collections, the question is more
difficult and will be discussed in the next subsatt

6.1.2.5 Bag detailed semantics

The semantics of a bag collection under a collaatiguality that is not reference equality (for
objects) or exact binary equality (for value typesgds some consideration. Assume the items a, b
and c are equal under the collection equality aatiwe add a and b and then remove c. Then
afterwards, querying for either of the three shaeklilt in the answer that the collection contains
one copy of that item, but which of the items skaadtually be kept inside the collection object?
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The best we can do is to state that the answerdsfined — “implementation dependent” might be
too strong since the answer would depend on thagarerder of operations.

Thus, when collection equal, but not binary eqit@ins have been used in update operations of a
bag collection, it will be uncertain exactly whiohthem should be in the collection object, onlg th
number of equivalent items. We shall stretch timesauntainty so far that we accept bag collection
implementations that just keep a single represgptdaem together with a count for each
equivalence class. Note also that we will allow‘tdpdate” method to either update a single copy
or all copies at the discretion of the bag collatitlass implementer.

6.1.3 Complexity and tradeoffs

6.1.3.1 Virtual methods or not

Should we make interface-defined methods virtuaaitection classes? If virtual, inlining is not
possible and there will be a performance hit ots¢althe method. Microsoft seems to find that
important, although it probably is only discernibde a collection that is a thin layer over an grra
However, if we do not make the methods virtual,weaild have to make them or the collection
classes sealed, else subclassing will be too proore for the user. Therefore, we make all
interface-defined methods virtual.

6.1.3.2 Code duplication vs. code sharing

In general, it should be considered more acceptaldeplicate code in a library (to avoid method
call overhead) than in normal application codeesithshould be possible in this setting to cope
with the maintenance question because changearareOn the other hand, changes will only be
rare when the implementation has matured and ssloméd share more code in the beginning and
ideally only duplicate according to actual measiwe®sts of how much performance can be gained.
6.1.3.3 Recursion vs. iteration

Some of the data structures may have an origimaldtation in recursive terms, e.g. search trees,
heaps and sorting algorithms. It is often posdibigive an iterative formulation without it

becoming overly complex even if having to maintamexplicit stack. From the outset of this
project, we have little experience to judge thebeé between implementation complexity and less
method call overhead — experiments had to tell h&te to be on the guard for recursive
algorithms, which might lead to stack overflow undehealthy circumstances, like pathological
data for a fully recursive quicksort.

6.1.3.4 Implementation trade-offs (e.g. space/time)

Can we give general rules for how to balance trisl@o a collection class? Imagine a class, where
we can choose to do some consistency check on epergtion or to do a more extended check but
only on update operations (this is relevant fdnlisws). Another case is using more space to speed
up lookups (with the same basic data structurerilrciple, we cannot make a general rule here,
because the best trade-off depends on the finadfube class, which cannot be known.

One could argue that if a class has very fast Ipsky index (a dynamic array), then the user
would have chosen it for exactly that reason andheaeild avoid compromising lookup. We might
as well argue that exactly because of the fastlaskup speed we can afford to spend a littleether
to save on space use or improve update speed.

6.1.3.5 Expense on external operations

The complexity of collection class operations cdann@eneral be stated precisely based only on
library code, because there may be calls to eXtebjacts, hashers or comparers, involved. In
principle, one should state complexity in termsndérnal cost plus number of external operations.
In practice, we just state the total complexityuasitg external operations have O(1) cost.
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6.1.3.6 Shrinking of internal arrays

When we use arrays internally in collection clagsdsold items (directly or indirectly), we have to
expand them from time to time by copying to largees if we keep adding to the collection. The

guestion is: should we shrink the arrays (by yetexampying) if we at a later stage remove many
entries? In practice, this will be relevant henedgnamic arrays and hash tables.

First note, that if we do not let the arrays shmvekwould loose the linear space use if interprated
the sense that space use is linear in the curtenber of items and not just that space use istlinea
in the maximum number of items since the creaticth® collection. It is not entirely clear which
sense is the most intuitive — the conservativeaghwiould be the former.

Secondly, if we do shrink, we shall have to buiidome laziness into it. If we double the size on
each expansion and only add items, the array waoeNer be more than double the necessary size,
but if we try to keep this bound for shrinking, w@uld end up copying the array at almost every
update if they happened to take place right atesttold. Thus, we are bound to have much larger
than a factor 2 space overhead if we do shrink.

We choosaot to shrink for the following (additional) reason.eWlo not expect the user to use a
collection class in such a way that it is firskefl with many items, then almost emptied and kept
around with few items for an extended period. Eitheill be emptied and/or discarded soon or it
will soon grow to a large size again. In these ades, shrinking the arrays will be a waste of time
In the expensive, exceptional case, the user sfimddually” shrink by copying the lasting
collection to a new one (and a warning put in ttenoals).

In any case, unused array entries should be oweswsvith null or T.default to avoid retaining
objects that are otherwise unreachable

6.1.3.7 Space use

We require that space use of a collection classldHze linear in the number of update operations
performed since the creation of the collection cbjelere multiple item operations should be
counted with multiplicity.

Many classes will have a stronger space use psopeinely that the space use is linear in the
actual number of items. The exceptions are clabsg¢sise arrays for internal storage and red-black
trees when used persistently. The former casectsiiee space bound of being linear in the
maximal historical size, while the best known (8) space bound of the persistent red-black trees
in terms of the actual number of accessible itesrssiperlinear.

6.1.3.8 Interpolation of data structures

By this, we mean using two (or more) data strusttiwoeamplement a collection class, using one for
small item counts, and another one for large iteamts. This should only be perceived after
benchmarking collection classes built on the twiad#&ructures and looking for a pair, where one
could hope for a good fit. For the same reasortsitbawill not shrink internal arrays, we should
not transform back to small-size data structuréeletions. In practice, we have not seen any real
opportunities for such interpolation.

6.1.4 Security and safety

6.1.4.1 Fault tolerance
While the exact state of a collection class afteexception was thrown by an operation may be
unspecified, the internal structure should alwaysdnsistent. The highest risk in this case would
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be optimized bulk update operations, where one n@gbounter illegal input in a state where it
would be expensive to reestablish a consistenigiigripdated internal state before throwing the
exception. Since the user would be unlikely to warrely on the collection anymore, an action
could be to clear the collection and set an “ininat” flag and let the collection throw excepson
on any subsequent operation. The bulk update opesan the current version of the library need
to be checked with regards to this question.

6.1.4.2 Thread safety of simultaneous queries

Many users would not even consider the possikitia simultaneous queries to a collection class
would need to be locked to be thread safe. Sinceegure that the functionality of the library must
be “intuitive”, simultaneous queries must alwaydliread safe. While one could argue that one
could just write a warning in the documentationyauld be hard to do in a way so that non-experts
would recognize it with certainty. This disallow®st notably splay trees as base data structure.
6.1.4.3 Stamps to detect modification

There is a variety of scenarios, where a piec@dédas to check if the collection has been
changed since some other occurrence. If so, tliti@aacould be to recompute something or throw
an exception. An enumerator has to check if thieecobn was changed since the time the
enumerator was initialized. Collection hash codghea must check if the collection was changed
since the cached values were computed. A viewanttList<T>" has to check for direct updates
to the base list. A range or interval class mustkHor updates to the base collection. In all¢hes
cases, we increment a protected integer field, ddistamp”, in the collection class on every
update and save copies of “stamp” for comparisoereser an update check is needed. This seems
to be the cheapest way to achieve the effect. Welcurrent 32-bit implementation of CLR, there
is a possibility for long running code to have lsdéanegative result of the check, although the
probability would be quite small for anything butarefully crafted test case. We could eliminate
the risk with a 64-bit long field but avoid it ftme (assumed) performance hit in the current CLR.
6.1.4.4 Read-only versions/views of collections

All collection classes will have a “ReadOnly” profyebased on the “isReadOnly” protected flag
field of “EditableCollectionBase”. Every update ogigon checks the value of the flag and throws
an “InvalidOperationException” on error. While tlisuld be used together with shallow cloning to
implement read-only versions, it is only used fastpcting red-black tree set snapshots from
changes. All other read-only versions are implee@nia wrapper classes.

6.1.4.5 CLI code access security

The library has not been marked with the “AllowRdlgTrustedCallersAttribute” and therefore
cannot be used from partially trusted code (e.de@xecuting from local intranet or internet
zones). On first glance it seems unlikely that litisary should contain code that would allow
partially trusted code to circumvent security, the library has not been thoroughly audited making
sure it follows the .Net secure coding guidelines.

6.1.4.6 CLS compliance marking

We do not apply the CLSCompliantAttribute to tHadiry assembly, and so all types will implicitly
be marked as not CLS compliant. This is correctesatl (interesting) types are generic and
therefore not CLS compliant.

6.2 Collection classes

In this chapter, we describe the collection clasééie library with specific details on their
implementation and why the particular data striegunside were selected.



C5 45

The following diagram shows the inheritance andlementation hierarchy of the collection
classes. Note that we only show “direct” interfanplementation by classes, the interface
hierarchy is shown in chapter 5. Neither do we skiested) helper classes.

| Enurrer abl e<T>

| Enuner abl eBase<T>

| 1 Col | ecti on<T>

| Edi t abl eCol | ecti on<T>

t ¢
Col | ect i onBase<T>
4 | PriorityQueue<T>

Edi t abl eCol | ecti onBase<T>

HashSet <T> ‘r
| Bi nar yHeap<T> | I nt er val Heap<T>
HashBag<T>
A
I ndexedSor t ed<T>
I Li st<T> A
A
Li nkedLi st <T> RedBl ackTr eeSet <T>
ArrayBase<T>
RedBl ackTr eeBag<T>
HashedLi nkedLi st <T>
[ ArraylLi st <T> I

| Sort edArray<T>

HashedAr ray<T>

The figure shows a string of base helper classptementing some common functionality: from
EnumerableBase to ArrayBase.

We will describe this structured by data structype and then by helper class kind. From the
outset of this project, it was the intention to lerpent several different data structures of the
various kinds and compare their performance. Tiygmace we have done so is for heaps. For the
other data structure kinds we have only managaudptement one, the most prominent one in the
literature, though in many cases trying a numbenioifor variations.

We use three algorithms the reader is not assuameiidr with: a list order labeling algorithm,
node copy persistence for red-black trees andvaltéieaps. These will be explained together with
the class implementing them.

The following figure shows the similar picture oftibnary classes:

| I Di ctionary<kK, V> | | Enuner abl eBase<KeyVal uePai r <K, V>>
+ 4
| | Sort edDi cti onar y<K, V> | | Di cti onar yBase<K, V> li

A

‘ RedBl ackTr eeDi cti onary<K, V> |7 HashDi cti onar y<K, V>

There are only two dictionary classes: based omdtshSet respectively RedBlackTreeSet classes
by the procedure described in a section earlidmigichapter.
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6.2.1 Hash tables

The library code implements several variationsregdr hashing, namely linear probing and linear
chaining [CLRS] in combinations with reference typesket cells and value type bucket cells. The
compiled code only contains one variation deterchioy preprocessor flags. See the description of
class HashSet for more details. The choice ofgritnese variations of linear hashing was based on
the findings in [PR]. The implementations have ukaal theoretical complexities O(1) expected for
lookups and O(1) expected amortized for updateatipers. There are other linear hashing
strategies like double hashing, but we have notampnted those.

Based on the HashSet implementation there is mlptemented a bag collection, HashBag, and a
dictionary, HashDictionary.

We would have liked to include an implementatiompeffect hashing with worst case O(1)
lookups, e.g. the in practice very efficient “cuokmashing” ([PR]), but there are some points to
consider. For perfect hashing, we need an itemendbht is guaranteed to separate items that are
not collection equal (while being consistent). Raeference type, not overriding “GetHashCode()”
or “Equals” from object, the runtime will createigue int hash codes. For other types the domain
may very well be too large to have a fixed injeetiunction into 32-bit ints. So we would need an
“ExtGetHashCode()” function mapping the domain dtijeely to, say, an int array and let the
perfect hashing datastructure work on such hasbscdle planned to create a tool for creating
such extended hash functions for value types (ihry equality). This could be achieved by
using reflection, but the performance hit wouldgtuide its use. Better would be to create the
function via the CLI runtime code generation (RTQiGnary, but in the available version of the
SDK, RTCG did not work well with generics. Note tipgrfect hashing data structures does not
handle clashes of hash codes gracefully.

6.2.1.1 HashSet class

The main internal data of the class is an arraly eliéments of nested class “Bucket”:

Bucket[] table;
#if REFBUCKET
bool defaultvalid = false;
T defaultitem;
#endif
#if REFBUCKET && LINEARPROBING
class Bucket
.
T item;
int hashval; //cache!

}
#elif REFBUCKET && 'LINEARPROBING
class Bucket

{
T item;
int hashval; //cache!
Bucket overflow;

}

#elif ' REFBUCKET && LINEARPROBING
struct Bucket

t_
T item;
int hashval; //cache!
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#else /'\REFBUCKET && 'LINEARPROBING
struct Bucket

{
T item;
int hashval; //cache!
OverflowBucket overflow;

class OverflowBucket

{
T item;
int hashval; //cache!
OverflowBucket overflow;
}
#endif

We have shown the definition in terms of two pregssor symbols, LINEARPROBING and
REFBUCKET, which determines respectively if the eades linear probing or linear chaining and
if the (first) bucket is of reference type or vatype (the actual code is less readably organized).
With linear chaining, the buckets belonging to acsfic position in the table are chained together
via the “overflow” fields. The hash codes (reswitsGetHashCode()”) for items are cached in the
hashval field. The (trivial) constructors have beéded for clarity. The fields are internal and no
private because the surrounding HashSet class t@adsess them directly. If the first bucket is of
value type, we treat values equal to T.defaultiglgaising the defaultitem and defaultvalid fields

From the outset, one would guess that linear pgoaird value type buckets would put the least
pressure on memory management, but use code timaréescomplex. Value type buckets waste
most space in empty table elements. Indeed, peafecexmeasurements (chapter 7) indicates that
linear probing and value type buckets is a lititever at small table sizes, but behaves better at
large table sizes, and therefore the default catpil uses that combination.

The table size always is a power of 2 and the iridean item (bucket) is computed from the hash
value using the universal hash function family nered in [PR]:

index = (k * hashval) mod tablesize

Here “k” is constant over at least the lifetimeac$pecific table array. There are preprocessos flag
(RANDOMINTERHASHER and INTERHASHER) that determimwbether k is 1 (a bad choice), a
large odd compile time constant (better) or a ramadd integer. The last choice will imply the
good, randomized expected complexity asymptotics.

The main non-trivial work in the code is done bg grivate methods hv2i, resize, searchoradd,
remove and clear. The hv2i method computes indisegescribed above; resize expands the table
and rehashes the buckets. The searchoradd metlmasfohe structure searching for the place of
an item and reports it, add it or replace it agleddor the Contains, Find, Add etc operations.
Likewise, remove does the core work of the RemaxkeRemoveWithReturn methods. Remove for
linear probing uses the algrithm “R” of [Knuth3] sisggested in [PR].

HashSet has one more nested (enum) class, Featucd, is merely a debugging aid.

6.2.1.2 HashBag class

The HashBag class is a straightforward implemesmatn top of HashSet of a bag collection as a
wrapper of a set of (item,count) pairs.
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6.2.1.3 HashDictionary class
The HashDictionary is a straight application of BietionaryBase class to create a dictionary based
on the HashSet set collection class.

6.2.2 Dynamic arrays

The library contains a straightforward implememtatof a dynamic array as a list collection and
two variants: one that keeps the items in sortdéroand one that uses an auxiliary hash dictionary
as an item to index mapping to speed up lookups.

The plain dynamic array, “ArrayList”, by nature Hasgy semantics, while the sorted and hash
indexed variants by nature have set semantics.

We have earlier discussed the reasons for notlkshgrthe internal array. There is an update time
vS. space tradeoff possible with expansion, buhéospecific reason, we have chosen to simply
follow tradition and double the internal array wigied.

The most interesting variant not present is a penst variant of the plain dynamic array, tryinggon
or more of the designs of data structure literaf[D&ST]). At first glance, a variant with a (satje
tree index instead of a hash index would have mefits compared to the sorted array.

6.2.2.1 ArrayList class

The array list data structure combines constarg tookups by index with linear time lookups by
value and linear time general updates but congaambrtized) time for inserting and removing from
the end.

The ArrayList<T> class is a list collection basedaodynamic array data structure. The
implementation is based on the ArrayBase<T> halfass. Most of the specific functionality in the
implementation is collected in the protected meshakpand”, “updatecheck”, “modifycheck”,
“‘insert”, “addtosize”, “indexof”, “lastindexof’” antiremoveAt”. Of these, the first four overrides
methods of the ArrayBase<T> helper class. The @oti@ck method is called from all public
update methods to check if it is valid to accesditt for update, while the modifycheck method is
called in all other public methods to check vievidity (see later). The method addtosize has to do
with keeping size information synchronized in views

Modification operations moves end segments of theyavia the System.Array.Copy method
assumed to be more efficient for long segments #hfan loop. This may be less efficient for small
lists than not using System.Array.Copy, but we hastemade measurements to compare.

For the first library implementation of the upddtksaview functionality, we only have limited
updates: a view becomes invalid if the base listaglified by other means than through exactly
that view. Moreover, when we create a view on tba wew, it actually becomes a view directly on
the original list. The most interesting aspecthaf implementation of view functionality is keeping
track of the validity of views using modifycheckdanpdatecheck methods.

Most other public method implementations are shifogward. We will just mention Sort that
employs our implementation of IntroSort and Shulfflat uses our C5SRandom random number
generator.
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Because we implement HashedArrayList<T> as a sebdbArrayList<T>, we have made a
couple of fields protected: baselist, basesizeftid. This has the same engineering issues as the
protected fields of the base helper classes.

In the current implementation, a couple of methmalge suboptimal running time asymptotics,
namely RemoveAll, RetainAll and ContainsAll. Thaeinning time would be proportional to the
product of the size of this array list and the nemtif items in the collection argument. An
implementation with an auxiliary hash table shae@ble a running time linear in the total number
of items, though with worse constant factor in gpase.

6.2.2.2 SortedArray<T> class

The sorted array data structure combines constaatldbokups by index with logarithmic time
lookups by value with linear time updates.

The data and basic dynamic array infrastructurdnatt are defined in the base class
ArrayBase<T>. Most operations are simple dispatbécalls the private methods binarysearch
and indexof and the system utilities Array.Copy &ndhy.Clear. The implementation of “Cut” is a
little more complicated, though straightforward.

For some of the “XxxAll” methods there are issuethwegards to the asymptotic complexity. The
RemoveAll and RetainAll are O(m*log n), where rthe size of the collection and m is the size of
the argument. There are alternative implementatiogisare e.g. O(m+n) and could be
advantageous for some ranges of (m,n) values. Moei@t of extra space needed also varies. We
have not examined these questions as thorougheasooiid wish.

The AddSorted (and AddAll if we sort the argumerttj have similar issues depending on the
sizes of n and m. We do a straight array merge[Kouith] discuss merge methods handling
situations where n and m are of different ordersizé better.

6.2.2.3 HashedArrayList<T> class

The hashed array list data structure combines aonstne lookups by index, expected linear time
lookups by value and linear time general updatésdmstant (amortized) time for inserting and
removing from the end. It has formally the saméetter asymptotics than the plain array list, but
worse constant factors because of the hash indéatem

HashedArrayList<T> is implemented as a subclagsi@yList<T> adding an index field of type
HashSet<KeyValuePair<T,int>>, i.e. (the insideaf)ash dictionary. Many methods, Xxxx, are
simply implemented as a call to base.Xxxx follovigdh reindexing of part of the hash index.
Apart from that, the implementation is built arouméew protected utilities: the new reindex(start,
end) and the overrides indexof, lastindexof, inaad removeAt.

Alternative implementations: a class with an afistyfield and a hash dictionary field but that
seemed to require much access into the interndloeé classes. An extended duplicate of the
array list code should enable better performangewias not considered for this first version.

6.2.3 Linked lists

The library implementation of linked lists is bas®da traditional doubly linked list data structure
with a couple of less standard additions.
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The plain linked list has natural bag semantics wmihave implemented a variant with set
semantics based on a hash index. Making a hask amkthe view functionality of the IList<T>
interface play together on linked lists was a hdltenging as will be described below.

A list implementation based on a singly linked stawe would save space in the nodes, make some
operations faster and other ones much slower. Trhagebe applications where only the faster
operations are needed, but we think the inclusfangly linked list implementation would make
the library less user friendly — either having slaene interface and quite different performance
properties or having a reduced interface cluttetimggtype structure.

It would be interesting to try a blocked linked NMariant, which might help performance by
lessening the pressure on memory management. Ariateeesting variant would be persistent
linked lists — we only do persistent trees, seerlat

6.2.3.1 LinkedList<T> class

The complexity of the linked list is characterizadlinear time lookups by item or index, linear
time updates with the remark that operations aetids of the list will be performed in constant
time.

There are three nested classes, Node, Range atolgy The Range class contains
straightforward enumerator and interval query fiomality. The TagGroup class will be discussed
in the next section. The Node class is the badldihg block of the list:

class Node
{
Node prev, next;
T item;
/[For tagging
int tag;
TagGroup taggroup;

}

The tag and taggroup fields should be ignored dov,rwhich leaves a standard doubly linked list
cell. The data of the list class are:

class LinkedList<T>
{
Node startsentinel;
Node endsentinel;
/IFor view:
int offset;
LinkedList<T> baselist;
/[For tagging:
bool maintaintags = false;
int taggroups;

}

The list class has two synthetic sentinel Nodesdbias predecessor of the first node respectively
successor of the last node in the list and ardirtke from the list class to the actual data strcet
The first implementation used “first” and “last’feeences from the list class and null instead of
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sentinels as prev/next fields at the ends, buséméinel idea simplified the code considerablyrafte
it had been complicated by introducing view funicbity.

Most single item public methods are simple usirggftllowing utilities:

» updatecheck, modifycheck: used like the dynamiayaones

* insert(succ,item), insertNode(succ,newnode), rextraxde)

« find, dnif, get(n): return node by item searchhiertway) or index.
However, most multiple item methods are terriblynpdicated, though not difficult. Some are also
suboptimal or of questionable complexity (the sam¢he dynamic array implementation).

The Sort method is implemented by a port from jafva stable, in place merge sort by Peter
Sestoft.

The Reverse method is implemented by swapping ismdsnot nodes, since that involves much
less updates, and only should be less efficientdars of large value type.

6.2.3.2 Alist order labeling scheme

Using a hash index from item to node with a linketiposes a problem in connection with the view
functionality that we did not see in the similausation of dynamic arrays. The problem is that
when we lookup an item in the index, how do weit#® node is inside the view without an
expensive search through the list? The solutiomawe chosen is to use a list-ordering algorithm of
Sleator and Dietz [SD] in the version describedBbyder et al [BCDFZ].

The basic idea is simple. We give each node agentiag and make sure the tags are always in
increasing order. Firstly, whenever we insert aeniocthe list we give it a tag that is between its
neighbors, say the mean of the two. If there issmatugh room, we redistribute the tags of part of
the list to make room. The only problem is howto@se the amount of renumbering to balance
with the frequency of renumbering. The answer ef\iist order] is the following. When we run
out of room we follow the list both ways comparingary prefixes of tags, counting the segments
of the list that have common prefixes of length w12, ..., w-Db,... where w is the word size (32).
Let k be a parameter to be defined. For the leagidre the segment is of size at mdswie
redistribute the tags in that segment evenly. Weelme<=K' to be sure such a b is found and k<2 to
be sure there are sizable gaps after tag redisbilyso we choose k&{<2.

The cost of this redistribution is Gk Note that before this redistribution the segnwrtommon
prefix length w-(b-1) had at leastknodes, now it has’. Thus there must be at lealtkk®/2 =

kP (2-k)/(2k) insertions before we redistribute thégment again, and the amortized cost of
redistributions of tags at a given b is O(k/(24@) insertion into the list. As long as n is natsd

to 2", this is O(1) per distinct value of b and henaetthtal amortized cost of redistributions of tags
will be O(w) pr insertion into the list. Note thidwe typical case of always inserting at the entthef
list seems to be close to the worst-case scer@arimdintaining the tags. In [BCDFZ] the analysis is
done in terms of log n instead of w.

This basic idea has been implemented in the libkaryis not the compilation default. It is very
simple and has very low overhead on operationsdibes not cause tag redistributions. In the worst
case, all tags must be redistributed, which mdamsdmplete list will be traversed, which is bad
for locality of memory references.
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To get to O(1) amortized cost per list update gfrteaintenance there is a standard two-level
grouping scheme: Use the simple scheme to maitagsion groups of consecutive list nodes and
use a second tag inside each group. If the nunfligoaps are kept at O(n/w), say by making at
least every other group be of si2éw), then the amortized cost of maintaining thels! tags

will be O(1). It is not hard to see that puttingextra O(1) charge on insertions will pay for

splitting and renumbering groups when we miss raothe low level tags; and an extra charge on
deletions will pay for joining groups when a grdbpt gets below th@(w) threshold has a

neighbor already below. In total we get an O(1) dimed cost per list update of tag maintenance at
the cost of a much more complicated algorithm.dterdance measurements indicated that this
scheme nevertheless performs better at largadis$ so we made it the compilation default.

The tag groups are implemented as the nested tlag&roup:

class TagGroup

{

int tag, count;
Node first, last;

}

The first and last fields enable finding all mensbef the group and indirectly following the chain
of tag groups. Tag maintenance is done by utilgetsaggroup, settag, removefromtaggroup,
redistributetaggroups. The ordering of nodes cacobeputed by a method on Node:

class Node {
Béol precedes(Node that)

int t1 = taggroup.tag, t2 = that.taggroup.tag;
returntl <t2 ? true :t1 >t2 ? false :tag <t hat.tag;

}
;o

As might be guessed from the code snippets inr#né@qus section, the source code for
LinkedList<T> contains all the tag maintenance cadé data, but the tag maintenance code will
not be executed because it is guarded by teskeaghaintaintags flag field. This is so because
HashedLinkedList<T> is implemented as a subclagsnidedList<T>. The main disadvantage is
the substantial (typically 67%) hit on the sizeaofode in LinkedList<T>.

6.2.3.3 HashedLinkedList<T> class

The complexity of the HashedLinkedList<T> classhsracterized by having linear time operations
by index and amortized constant time operationiseoy.

As noted, HashedLinkedList<T> is a subclass of ellkst<T> with the maintaintags flag field set
to true. Roughly half the public methods is oveted, the rest works because the utility methods is
overridden by versions that use the hash index.

6.2.4 Heaps

For heap data structures (implementing priorityugs®, the library contains two implementations,
the classical binary heap and the less well-knowerval heap of whomever, [LW], which unlike
the binary heap supports both maximum and minimperations.
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The interval heap was chosen in favor of anothapka two-sided heap, the MinMax heap. The
choice was based upon the results in a couplepoftefrom the Copenhagen STL ([CSTL]). We
have also refrained form implementing binomialkdronacci) heaps, whose main virtue is to
support efficient merging of two heaps.

Note that the red-black trees can also be useda@#typqueues, with the same complexity for the
gueue operations, but considerably larger con&iatirs (chapter 7).

6.2.4.1 BinaryHeap<T> class

The complexity of the binary heap is characteriagtbgarithmic complexity Add, DeleteMax
operations.

The interval heap performs almost as well as tharlgiheap so we expect to remove the binary
heap from the library, since it violates the regmient of always having real implementations of
exported methods.

In a binary heap, the items are organized in anoald binary tree with the leaves at maximal depth
flush left. The heap property is that each itertieast as large as its (at most) two children. We
use the standard heap layout of placing the it@nas(dynamic) array so that the parent-child
relationships are given by the simple arithmetrorfolae for the array indices:

parent = [child/2], left_child = 2*parent, ht child = 2*parent+1.
The implementation is based on the heapify(i) metdhich starting at the item at array index i
pushes that item downwards in the tree by swappitiga child as long as a heap property
violation is seen.

We employ the standard O(n) implementation of Addé&en though some authors report that the
naive O(n*log n) AddAll implementation of callingddl repeatedly may perform better on modern
machines because of much better locality of refexreWe have not tested that issue.

6.2.4.2 IntervalHeap<T> class

The complexity of an interval heap is logarithmioe Add and DeleteMin/-Max operations.

The interval heap is organized by having pairserhs instead of individual items be laid out in
balanced binary tree like the one of a binary h&ag. last pair is a singleton if the size of thaphe
is odd. The pairs are called intervals and the Ipeaperty is that each interval encloses all the
intervals below it in the tree (i.e. its child intals).

Our implementation uses a value type to represemttarval:
struct Interval

T first, last;

}
The interval heap has a dynamic array of Interiracsures laid out in the same fashion as the

binary heap. The code is built around four utilitgthods: heapifyMin(int i), heapifyMax(int i),
bubbleUpMin(int i) and bubbleUpMax(int i).

The heapifyMax operation works like classical h&apiorking downward in the tree of “last”
fields. At each level below the top after a swaj plarent and child, we may have to swap the first
and last field of the child before proceeding dowands. Method heapifyMin is symmetric.
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The bubbleUpMax method moves an item from the botipwards along either last field by
swapping child and parent as long as a violatiothefinterval heap property is seen. No swapping
of first and last is needed.

Delete operations deletes from the top intervalesdhe final item of the heap to the empty place
at the top and then runs the relevant heapifyMxthow: Add may expand the array and then adds
the item to the final interval or as the first feif a new final interval, then runs bubbleUpMxx as
relevant. The AddAll is implemented as repeated Apdrations and therefore has complexity
O(n*log n), which probably is sub optimal (in a pRAM computational model).

6.2.5 Search trees

We have implemented some variations of the wellkmeed-black trees. The basic construction is
taken from Tarjan [Tarjanl] with extensions fortgdrmersistence as described in [DSST]. The
operations are done in so-called bottom-up styteves have no parent pointers in the tree nodes.
Compared to the tree collections of Java, the miidierences are the support for persistence and
the support for fast lookup by index.

As mentioned earlier, splay trees would not fibittte library. It would be interesting to try some
higher degree trees (B-tree like) to compare peréoice with the red-black trees.

Note that we could base an implementation of Iiston this tree implementation by using just

the index related lookup and update methods. Thiddwive a list collection mediating between
dynamic array lists and linked lists in performance

6.2.5.1 RedBlackTreeSet<T> class

The complexity is characterized by having lookupd single item update operations of logarithmic
complexity in the size of the tree. As long as wendt use persistency (the Snapshot operation), the
space use of the tree is linear in its size. Whsmgupersistence, the space use is linear in the
number of single item update operations since tbation of the tree.

The RedBlackTreeSet<T> class has several nestesksla
* Node, the basic building block
* Enumerator, SnapEnumerator used for enumeratatséoy and of snapshots)
* Range, Range.Enumerator, Interval for results mjeaand interval queries
» SnapData, for keeping track of which snapshotsaive.
» Feature a debugging aid (to be removed)
A red-black tree holds the following data:

class RedBlackTreeSet {
IComparer<T> comparer;
Node root;

1 Stack for iterative internal update utilities:
int[] dirs = new int[2];
Node][] path = new Node[2];

1 For persistence:
bool isSnapShot = false;
int generation;

SnapData snapdata;
int maxsnapid = -1;
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The tree object holds a single reference to thiemea structure built of Node objects. Persistence
will be discussed in next section. The stackstimative internal update utilities are needed bseau
we do not have parent pointers in the nodes, paettause they would make the persistence much
harder. The Node class has this content:

class Node
{
bool red; /Icolor
T item;
Node left, right;
int size; /lof subtree

/I For persistence:
int generation;
int lastgeneration;
Node oldref;
bool leftnode;

}

The subtree size field enables fast (logarithnme)iindex to item and item to index operations.

The most fundamental parts of the implementatiertlae private methods addlterative,
removelterativePhasel and removelterativePhasetheAsames suggest they are iterative instead
of recursive, which seems to enable about 10%yettdormance. The first of the remove methods
is the part that walks down the tree to find thdento remove. The second remove method is used
as the backend of several public methods that reex@ms but have different ways of finding
which Node to remove (by item, min, max, by index).

During implementation, many minor variations wasdrand compared. Apart from recursive vs.
iterative basic methods, preprocessor symbols altovgelect to

* Maintain subtree sizes or not (for indexing)

* Maintain exact tree height

* Maintain exact black height (red-black rank)

* Maintain max and min (for O(1) FindMin and FindMax)

* Maintain unique ids on Nodes.

» Enable path copy persistence, node copy persistenuather.
Some of these are mainly debugging aids; some mat® to measure how expensive certain
features would be. Unfortunately, the alternativieke the code much less readable.

Two public methods have suboptimal implementatidie various RemoveRange methods and
the Removelnterval method works by simply remo\atigtems in a loop hence could use time
proportional to n*log n in the worst case. It isspible to implement operations on a red-black tree
that in O(log n) time splits a tree at a specifmdd into two trees or joins two trees with all iem
one less than all items in the other. Such operatiould speed up the RemoveXxx operations
considerably. It is not trivial to combine them hvgiersistence, though.

The AddAIll and AddSorted implementations have di@e problem we have seen before, that the
best algorithm depend on the size of the tree lamchamber of items to add.
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6.2.5.2 Node copy persistence

This algorithm is from Driscoll et al, [DSST]. Tipersistence is governed by an integer generation
id field in the tree, incremented on each call nay&hot(). The generation field of new Node object
gets its value from the tree. Recall that thisagipl persistence — the snapshots are historic
documents, not quick mutable clones. The snapuif is a shallow clone of the tree object
having the old generation id and the ReadOnly ptg@ad the isSnapShot flag set to true. For very
long running programs (or specially crafted teses, the 32 bit signed generation id may wrap
around, which will not be handled gracefully by tieary.

We will now describe how the Node fields are usaddefining a specific generation snapshot, i.e.
how to enumerate a specific generation of the #keeoted, the generation field of a Node is equal
to the generation id of the tree when it was cceated the Node will never be encountered during
enumeration of an older snapshot. The item of aeNotountered during enumeration of a
snapshot will always be valid. The color (red fieldue) is not valid for the snapshot; in fact, the
color is only needed for updates, i.e. the live.tféa Node with generation field g0, and
lastgeneration field g1 is encountered when enuimgra newer snapshot of generation g2, where
gl<g2, then both child references in the Node ahel vif the snapshot is older, g0<=g2<=g1, one
of the child references in the Node will not beidiainstead the valid child reference is in therefd
field and which child is shown by the leftnode diel

How updates to the tree are modified by persistenit@ow be explained (we assume the reader is
familiar with updates in non-persistent red-blages). When we are about to update a Node whose
generation field is not newer than the newestdivapshot — given by the maxsnapid field of the

tree — the following procedures are followed. ¥ thpdate is a color change, just do it. If the tgda

is a change of the item, make a copy of the nopl@ate the item in the new node and update the
reference in the parent to point to the new nodee khat the new node will have the generation
field of the tree we are updating. If the updata change of a child reference and the lastgeoerati
field of the Node is still -1 we update lastgenerato maxsnapid, set the leftnode field to truig if

is the left child we are updating, copy the oldaihéference to the oldref field and finally update

the live child reference. If, finally, we must upela child reference in a Node that has already had
made one child reference update, we copy the rdaew one with new generation id and update
the child pointer in the parent. In the last simtif the child reference we are updating is¢hed

that was updated before and the result of the pthie cannot belong to any live snapshots because
the tree’s maxsnapid <= lastgeneration of the Na@egjust update the child reference instead of
copying the node.

It should be clear from the explanations that tlee@dure is correct and does not influence
enumerations and lookups in the tree and snapbliatore than O(1) work per node encountered.
Thus single item operation will still use time Qfln). We now explain the crucial fact that the
procedure will only produce O(1) amortized new reoger update operation on the tree. Note that a
single update operation on the tree can resulasicading node copies all the way to the root. But
since the cascade will stop when we use an oltbebsreach the root, each update operation on
the tree can result in at most O(1) oldref sloiadpélled. Moreover, a Node will only be copied
once since after the copy it will no longer be drthe live tree. Now, if we have performed m
updates operations on the tree since its creatieng can be at most O(m) Nodes with filled oldref
slots. A Node with an unfilled oldref slot eitheashbeen created directly by an insert operation on
the tree or is the single copy of a Node with ladiloldref slot. In total we have at most O(m)
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Nodes of either kind, which means exactly that vileamly produce O(1) amortized new nodes per
update operation on the tree.

The central utility methods for persistency areldfg€node) and right(node) methods of
RedBlackTree<T> that navigate the tree/snapshatrdicg to the rules above; and the update(...)
and CopyNode(...) methods on Node that perform tlaatgoor copy on a single node. Calls to
these utilities are dispersed in generous quasitilieover the code.

The maxsnapid field holding the newest live snapghmaintained in the following way. When a
shapshot is created, it is registered in a Snap&lgéet and the snapdata and maxsnapid fields of
the original tree are updated. The storage eleméahe SnapData class is a red-black tree itself.
When a snapshot is disposed, either by an exphatlito Dispose() or by the garbage collector
calling the finalizer of the RedBlackTreeSet<T>sslathat snapshot will deregistered for the
SnapData object and maxsnapid updated if rele\rapirticular, maxsnapid may be reset to -1 if
there are no live snapshots. This means that tbke a single snapshot, keep it alive for some,time
and then dispose it, we may avoid copying the whreke if we only make a few updates while the
snapshot is alive.

It would be possible, but expensive, to make a rtwveough cleanup of Nodes that becomes
unreachable when a snapshot does. We do not beteusgical usage modes would be

* Make a snapshot, enumerate it while doing updatesthen dispose the snapshot.

» Build a data structure where we need all the sr@psintil we just forget the whole thing.
Both are handled well by the current implementatiamyway, the library has a space leak. With
three references per tree node, we could end ag spiace super linear in the number of live items.

Node copy persistence is activated at compile bgndefining the symbol NCP.

As hinted to in the previous section, the souraeaso contains an implementation of path copy
persistence — similar to typical functional treglementations. The problem is that it copies ~log n
Nodes on each update operation, not just O(1) aedrtwhich makes it require much more space
to handle large trees with frequent snapshots. &ail persistence is activated at compile time by
defining the symbol PERSISTENT.

6.2.5.3 RedBlackTreeBag<T> class

The complexity is characterized by logarithmic céemty lookup and (single-item) update
operations.

The implementation is a slight variation of theeteet implementation, with an extra count field in
each tree node. In fact, the source code for thiengpdementation also holds the bag code, which is
selected by defining the BAG preprocessor symbloéré are a few methods with separate
implementations, and the bag versions of FindOrawldl UpdateOrAdd are wrong.

6.2.5.4 RedBlackTreeDictionary<K,V> class

The complexity is characterized by logarithmic céemty lookup and (single-item) update
operations.

The implementation is almost trivial, based onBhetionaryBase<K,V> base class with trivial
implementations of the extra predecessor and ssceperations of ISortedDictionary<K,V>.
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There is a Snapshot method, routed directly thraadghe inner tree set. This is a violation of
library design principles, because there is nafiate for a persistent dictionary.

6.3 Support classes
We do not show support classes as diagrams — thelgdvwe quite trivial.

6.3.1 Item hashers

The library contains a number of helper classesdostructing item hashers:
* DefaultReferenceTypeHasher<T>,
» DefaultValueTypeHasher<T>,
* IntHasher
and for constructing hashers for items of collactype:
» HasherBuilder.ByPrototype<T>,
» HasherBuilder.SequencedHasher<S,W> where S: ISegdeW>,
» HasherBuilder.UnsequencedHasher<S,W> where S:lddiCollection<W>.

The generic DefaultReferenceTypeHasher<T> and MidfaueTypeHasher<T> are trivial
implementation of IHasher<T> based on calling tleeHashCode and Equals methods inherited
from System.Object. There are two different defalasses because the equality code is different.
For value types we can just call “il.Equals(i2)hile for reference types we need to do

(object)il == null ? (object)i2 == null : i1.Equals (i2).
It does not seem to be possible to fuse the twasekwithout incurring a runtime penalty of e.qg.
checking a field value. Unfortunately, the genefigsctionality (on the test platform) does not
allow forcing the parameter T to be of value typesference type at compiletime, and so we rely
on a parameter instantiation time check in Debulgibtio test those conditions.

The “IntHasher” class is simply DefaultValueTypeHas<int> with explicitly inlined int hash
function and equality test. There ought to be sinslasses for other builtin value types like deubl
long etc.

The HasherBuilder.ByPrototype<T> uses reflectiorTan the “Examine” method to create a
default hasher of one of the above types unlesasTah exact interface type of one of the following
kinds: ISequenced<W> or |EditableCollection<W>tHe latter cases, the (Un)sequencedHasher
classes is used to construct item hashers thahesmllection hash functions described in chapter
5. This implies that the default item hasher fag, HHashSet<ISegenced<int>> will be the
sequenced collection hasher, while the default hasher for HashSet<LinkedList<int>> will be
the default reference type hasher (for LinkedListx<items).

We can directly construct the sequenced colledtasher for a class, C, implementing
“ISequenced<T>" for some T by the expression “neagu®ncedHasher<C,T>()" and similarly for
unsequenced collection hashers. Note that the hashkd for the T equality tests performed while
comparing two collections of T will be the IHash&r<hasher of (one of) those collections!

The library source code contains inactive codaf@rnative ways of building the collection
hashers: by using reflection and runtime invocatibreflected methods and by using reflection and
runtime code generation. The first procedure didkwut would to lead to terrible performance.
The second procedure could not be made to work@available alpha release platform because of
problems with runtime code generation for code gigenerics.
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6.3.2 Item comparers

The library contains a few classes

* NaturalComparer<T> where T: IComparable<T>

* NaturalComparerO<T> where T: System.IComparable

« IC

» ComparerBuilder.FromComparable<T>
The “natural” comparers are trivial wrappers of tBempare” methods of the generic and non-
generic comparable types. The IC class is NaturajizwerO<int> with explicit inlining. There
should be similar classes for double etc. The Erammethod of
ComparerBuilder.FromComparable<T> will choose ohthe first three based on the instantiation
of T or throw an exception if T is not comparableither kind.

6.3.3 Base classes
Corresponding to the central spine of collectideriaces, IEnumerable<T>, ICollection<T>,
IEditableCollection<T>, ISequenced<T> the libraontains a string of helper classes meant to be
used as base classes in implementations of théaioés. In addition, there is one helper classto b
used as base a class of dynamic array classes:

* EnumerableBase<T>,
CollectionBase<T>,
EditableCollectionBase<T>,
SequencedBase<T>,
ArrayBase<T>.
They were constructed when most of the real catleatlasses had been coded by extracting
common operations and data fields — unifying thel@mentations at the same time.

Only the two first helper classes implement theesponding interface. The other ones do not since
it would just lead to a large number of abstracthoe definitions. We do not need to implement

the interfaces in the base classes for the follgw@ason. If C has B as base class, implements
interface | and a certain method signature “X f}Yig defined in | and implemented in B, then the
two methods will be identified by the compiler evEB does not implement I. The two first helper
classeslo implement the corresponding interfaces becauseesd the interfaces in the class
implementations.

Some of the common data fields in these classgsrianate and therefore fine from an engineering
viewpoint. However, the "isReadOnly”, "stamp”, "sizand "itemhasher” fields of
"EditableCollectionBase<T>" and the "array” and f&dt” of “ArrayBase<T>" are all protected.

That is problematic because a user subclassingptleetion classes built on the base classes could
subvert invariants like “the size field contains thumber of items in the collection”. There may be
a way around this problem, by giving read-only asde the fields through a “protected” property
and write access through an “internal” property thauld only be accessible by library code, but
we have not considered this in detail.

Most of the code in the base classes are obviogisa elefault implementation of “ToArray” in
“EditableCollectionBase<T>". In the following, weamtion the few less obvious ones.

EnumerableBase<T> has a static method called “tteamt” which count the number of items in a
collection by enumerating through it, unless thikection implements “ICollection<T>", in which
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case the Count property is used. This potentiajheasive method is used a couple of places in the
library where we need to know the size of a caltectve only know implements
“IEnumerable<T>" (supplied as a parameter to sorethod).

EditableCollectionBase<T> implements the statichmds ComputeHashCode and StaticEquals
and the protected instance methods unsequencedlashmsequencedequals which real collection
classes will use for implementing the interfacec#fpreunsequenced collection hasher methods
“IEditableCollection<T>.GetHashCode” and “IEditaBl@lection<T>.Equals”. The base class has
private fields for caching the collection hash code

SequencedBase<T> has parallel functionality fousaged collection hasher support.

ArrayBase<T> contains basic functionality for dynamrrays in the protected expand and insert
methods working on the protected array field. $bahas a nested class “Range” with a complete
implementation of directed range/interval enumegator dynamic array based collection classes.

6.3.4 Dictionaries

For dictionaries, we have the following simple gravel classes:
» KeyValuePair<K,V> : the type of dictionary entries
» KeyValuePairHasher<K,V> : default entry hasher goinly keys
» KeyValuePairComparer<K,V> : default entry compdeegrsorted dictionary comparing
keys only.

The DictionaryBase<K,V> class is a complete impletagon of a dictionary in terms of a set
collection. All the methods are just small wrappensund call to operations on the internal set
collection object.

To support the Keys and Values properties, DictigBase has the straightforward nested classes
KeysCollection and ValuesCollection.

6.3.5 Other support classes

EnumerationDirection is an enum class with two galu-orwards and Backwards, used for
describing the direction of enumeration of a deedatollection relative to the original collection.
We could have relied on a Boolean and naming tlesaiat method IsEnumeratedForwards instead
of Direction, which seems just as good.

TestedAttribute is a custom code attribute thatlmattached to methods and properties to track
which operations are sufficiently covered in thgression test cf. chapter 4. The attribute can be
applied multiple times to a method and has an optistring argument that may be used to
reference a test case, but these features haveeantused.

C5Random is a class implementing the recent stramgdom number generators CMWC Ggorge
Marsaglia ([Marsaglia]). There is no interface inl @r random number generators, but we have
made C5Random a sub class of System.Random, wiloe¥sat to be used where System.Random
is used.
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6.3.5.1 Sorting

The standard library includes support for sortingys that we need in a few places. The
implementation seems to be a fully recursive mediad quicksort. While it seems to perform very
well, it is not of optimal asymptotic complexity (&'2) vs. O(n*log n)). In fact, measurements
presented in chapter 7 seem to indicate that tHestahdard array sort is vulnerable of the “killer”
sequences of [Musser].

Therefore, we have chosen to implement a versidntiSort of Musser [Musser]. This is a
modified version of median-of-3 quicksort with ttelowing modifications. The recursive
partitioning in quicksort at most proceeds to atdgpoportional to the logarithm of the size of the
array. If this depth is reached, the correspongamgjtion is sorted by heap sort. Moreover, if a
partition with size below a constant value is seenfurther partitioning is done and the partition
will be sorted by insertion sort. Since each partidepth is of at most linear complexity, heag sor
is asymptotically optimal and the insertion sorl e of total at most linear complexity, the
complete IntroSort will be asymptotically optimal.

The implementation is in the class Sorting andiésted generic class Sorter<T>. During
implementation, many attempts were made to “bdwt’standard library quicksort on random data.
It was attempted to change the recursive partitigpiho iteration+recursion and pure iteration with
an explicit stack. Moreover, several attempts waderto “optimize” the code, typically making it
more complicated trying to take advantage of speases. The results were not completely
satisfactory; the standard library is slightly €avf%) faster for random data on large arrays.
6.3.5.2 ReadOnly wrappers

Finally, there are 12 generic classes hamed Regd&x, where IXxxx ranges over most of the
collection interfaces. These are all simple wramtesses that have a single constructor taking an
argument of the corresponding interface type amdement that interface by calling through to
non-update operations directly and throw an exoeptn update operations. The only slightly non-
trivial task in the implementation is to rememb®ptotect return values of collection type, because
an IEnumerator returned from the original collectioight actually be e.g. the original collection
itself and expose update operations if not wrapped.
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7 Evaluation

7.1 Functional test

Organization of unit tests: The tests are putse@arate top-level namespace “nunit” in a separate
VS.Net project and further grouped by a couplearhaspaces levels. The names of test methods
are typically constructed from the most prominguetration tested in that method, but the

correspondence between test methods and testeatiopsrcannot be traced by test method name.

Test tracing: The library contains a “Test” custattmibute, which is used to keep track of which
public methods and properties are covered suffilyidry test cases. During implementation, the
Test attribute is only put on a method or propwith seemingly sufficient test coverage of correct
and exceptional usage. A special program was writievalk through the library via reflection and
export the types and their members together wighocn attributes to a database, where the
completeness of the test coverage could be anabgedrious dimensions and granularity.

Note: the tracking does not cover static methadseiited methods or explicit method invocation.
In practice, we made test cases for these memlsexsbait we have no mechanism to assess the
completeness of the covering.

The selection/construction of test cases follonaligolk guidelines: there are first of all simple
black-box tests of the normal behavior in simpleesa assumed corner cases are added (operations
at ends of lists etc.) and similar cases wherecont& expect something to go wrong in a careless
implementation. Only an informal approach was useuake it plausible that all code paths were
covered. In the cases of red-black trees and ladnbst a more systematic approach was used to
make sure all of the special cases were encountéoedhe red-black trees, this is only true fa th
non-persistent case. In the persistent case, #ner®o many different combinations of node color
pattern and node generation pattern to make a eetpkystematic test. When a bug was
uncovered by other means (e.g. by the randomrestsioned below), an attempt was made to

make a unit test case provoking the bug in ordarittwould not reappear without detection.

To complement the black-box flavor of the unit $eghe collection classes all have a “Check()”
method that performs an internal consistency cloecis private data. The typical test method
would contain a number of ordinary collection opieras (with assertions on result if non-void)
interspersed with calls to assert that “Check()imes true and calls to a utility method that clseck
the complete contents of the collection at thisipoi

As an extra correctness test, the “Check()” metinegibeen used in connection with random
operation sequences. To be useful, such tests nekesf thousands of random adds and removes
and calls Check() in between. Because the chedlabpe may be quite slow, this takes a lot of
time and is not suitable to include in the standagiession test suite.

The following lists the public methods not coveeatording to database:
* FindOrAdd and UpdateOrAdd on RedBlackTreeBag (kntwibe wrong)
» Shuffle on (hashed) arrays and linked lists (6 metin total)
* All 5 methods on C5Random
» 3 ToString on private classes (false negative)
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Note: the Check() methods are used extensivelgshdases but there are no test cases designed
specifically for them.

There are about 900 individual test case methodsdull regression test takes about 60s on the
development machine (a 433 MHz Celeron).

The tests for two classes with the same interdackthe same value of NoDuplicates are the same,
or almost the same. The same can be said of ttseféeshe operations in the common interfaces of
several classes with the same set/bag semantidke Wiplementing the second of such classes, we
just bulk copy the test cases, and update the olses in the copy. When a bug in one of the
classes was uncovered by some other means (pexlniapdom test), a test case exposing the bug
would be added, in some cases only to the offendas. In that way, the collection of test cases
for the two classes could drift apart. It wouldrivee, if the code of the test cases could be shamed
an interface-by interface basis, which seems toiredghat we generate real test cases
programmatically from interface ones.

7.1.1 Partial conclusion
We are confident that there are few unknown budbkerlibrary due to good test coverage.

7.2 Performance tests

We will not give a complete description of all pgrhance tests we have done, just present some
representative results. As noted in chapter 4ctiverage of our testing is weak on non-integer
collections and on comparison with other libraries.

Note: In all the micro benchmark graphs presentedfall saw tooth” benchmarks of collections
of integers. The horizontal axis shows the basegarithm of the maximal size of the collection.
The vertical axis will show a value proportionalthe running time per operation (the precise unit
varies).

7.2.1 Implementation alternatives for red-
black trees : :
—m—size rank height

The first graph shows a few of the alternatives we s iter(pl) SortedArray
have tried for red-black trees. The low graph madrke
“iter(pl)” is our iterative implementation with dsw
features as possible. The three graphs marked';'size| .|

“rank” and “height” shows the result of supporting /
one of the following: subtree sizes (i.e. indexjng)

7

5

precise height and red-black rank. The standard "
compilation setting for the library correspond to
“size”, about 10% slower than the plain “iter(pl)”. 1

The graph for SortedArray shows clearly how the
explosion in running time (~n) compared to the tree|| *|
data structure.

The bends on the graphs around a tree height of 1-
seems to correspond to the situation the treesngel fit completely in the second level cache.
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7.2.2 Implementation alternatives for hash tables
The graphs marked “ht” represent the four has

table types: —e— htlpsc —&— htlprc htchsc
Ip is linear probing, htchrc —x—rbt ~ —e—dll

ch is chaining 200

sc is value type bucket

rc is reference type bucket. "

On the figure they are very close and close to
constant until what seems to be memory 8,00 |
management effects from 2718 items and up.
The best performing at large sizes is linear
probing with value type bucket, which has
become the standard in the library.

6,00 -

4,00 A

For comparison, we also show result for the
linked list (dIl) and red-black tree (rbt). They 2,00
both behave, as one should expect.

','afc',é{w‘

)
N B A

0 5 10 15 20 25

7.2.3 Linked lists and sequence order

The graphs show the performance of linked liste Th
w” case is the worst case (the removes have tersavthe
whole list to find the target), the rest of thee=saare for
the best case.

—o—Il-w —m—1II-b II-b-lo II-b-elo —x—hll

8,00

The “ll-b-lo” uses the simple sequence order atbari
the “Il-b-elo” uses the complicated, but asympiaitic
better one and “Ill-b” uses no such algorithm. Apexted,
the complicated one behaves better than the siomaet
large size, but are not free.

The “hll” case is a hashed linked list (without seqce
order algorithm). The overhead on these operations
roughly triples the running time, but before we
implemented the combined operations like Update@rsdsupport faster dictionary operations, the
overhead were closer to ten-fold.

25

‘—O—BinaryHeap —l— IntervalHeap RBtree ‘

7.2.4 Priority queues 10,00
The graphs show the performance of the priorityugue 9,00
operations on trees and the heaps implemented. 388
The main conclusion is that the heaps really arehmu 288
faster than the trees for this purpose and thantkeval 4,00
heap is so close to the classical binary heapatbatan do 3,00
without the latter. 200

1,00 A

0,00
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—e— introsort —@— mssort

7.2.5 Sorti ng heapsort insertionsort

2500
The first graph compares the time per array eleroent |
sorting an array of random integers with our own 2000 |
implementatios of heapsort, insertion sort anaisbrt
and the standard Array.Sort class (marked msdbcgn 1500 |
be seen that for large arrays we are quite clofieeto
standard sorting. (The horizontal axis shows trseta 1000
logarithm of the array length).

500 —%:;}
Insertion sort is of course hopeless for anythingvery ¥

short arrays. Heap sort shows O(n log n) asymstetith 0

a higher constant than intro sort. o > 2025

We have also tried to test the “killer” sequences o| 8

[Musser]. The “A” graphs use the exact killer 7000 _

sequences; the “B” graphs use them reversed. gggg 1 M
T —#—ms

It can be seen that the quicksort sorting of gggg ] . ir:tsroBB

Array.Sort does not seem to handle the “B” 2000 ot % heap

sequences very well. Our intro sort behaves better ;. | = A N

but worse than heap sort as should be expected, 0 ‘

since the killer sequences will make the first deup 5 10 15

of dozen partitionings be almost useless, afteciwhi
intro sort will let heap sort take over.

7.2.6 A geometric application example, a case for persistence

The final test is the only non-synthetic one we
have made. It is one of the standard examplg 100000
of the usefulness of persistent trees ([DSST]

The problem is, given a set of line segments| ..,
dividing the plane into cells, create a data /

structure that can quickly answer to which ce
a given point in the plane belongs.

—e—NCP
1000 - —m—PCP
NonP

The solution is to have a persistent search trg
of line segments sorted by y-coordinate, with
the line segments added and removed 100 |
according to a horizontal sweep — taking a
shapshot at each x-coordinate of an endpoin
Looking up a point in the plane then first
selects a snapshot by x coordinate and then
searches the snapshot for the y coordinate.

10

The graphs show the results of a nasty examplerenthere is only a couple of updates in between
each snapshot, but the trees hold most of thedirfesast half the total number of line segments.
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The x coordinate of the graph is the base 2 Idgarf the total number of edges. Note that the y-
axis has a logarithmic scale.

It is clear that the non-persistent case (wherpsta is a full clone) is only useful for very sinal
examples, and node copy persistence (NCP) cleathedorms path copy persistence (PCP).

7.2.7 Partial conclusion

We have measured the relative performance of a auofimplementation alternatives in order to
make an informed choice. We have also made somparsons of the performance of different
classes.

The results are much weaker when it comes to asgabe influence of the item type and
comparisons with other libraries.

7.3 Extensions, variations and missing things

Here we sum up things we should have done or woaNe liked to do. Appendix C contains a
more detailed list of TODO items for coding. We tioypartition the issues according the words
“must”, “should”, “nice”.

7.3.1 Must
This refers to issues that must be resolved befsirgy the library in production.

First, known wrong semantics or bad complexity niagstepaired. Two of the combined operations
on RedBlackTreeBag<T> have wrong semantics. Sorntteeamplementations of RemoveAll,
RetainAll etc. are suboptimal in some classes.ciflection hasher implementations do not follow
the design.

The interfaces and classes reference manual doetow inherited methods making it misleading.
The class descriptions in the reference manuabarshort and miss thorough performance and
usage notes.

7.3.2 Should

Extend user’s guide.
Make collection classes clonable and serializable.
Remove BinaryHeap

7.3.3 Nice

Improve the layout of the reference manual.

Implement operations like join and split for thdlections.
Implement some form of perfect hashing

Improve views and/or support fingers

Implement “wildcard adds” — perhaps awaiting supfram CLI
Get to really understand equality in connectiorhweillections.

7.3.4 Partial conclusion

We have a few critical, but well-described codiagkis to do and a larger editing task concerning
the manual.
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7.4 Platform anomalies

We end this chapter with a few short remarks oneaperience with the platform. Recall that the
VS.Net used was an alpha release

We were taken by surprise by a case of slow diatit access in the CLR. For debugging purposes,
our tree implementation may give each tree noda@ue id, initialized from a static nextid field. |
turns out that enabling this feature doubles timaing time and the culprit is the accesses to dexti
We did not examine this further but avoided sthélcls afterwards.

We discovered the hard way during the implementaticthe sorting routines the difficulties of
fine-tuning C# code to squeeze out the last bfesformance. In one case, it was reproducibly
more efficient to copy a method parameter to allegaable to use in a loop, but in very similar
situations, it could be more efficient to use tlaegmeter as loop variable. [Noriskin] explains that
is difficult when modifying C# code to ensure thiad C# compiler will generate intermediate code
that is easier for the JIT compiler in its turrgenerate faster native code for.

We were hindered in using runtime code generatrJG) in a couple of interesting cases
because that functionality did not work with genelasses. The RTCG functions would generate
invalid code containing badly formatted type names.

We had some problems with crashes of VS.Net, bunhalty the environment would discover
something was wrong and warn so one could sawedile restart. Another strange problem was
that one should open the properties window befpenimg the first project if one wished to use
certain, seemingly unrelated menus (the solutios amaounced in a newsgroup). None of this is
sensational for an alpha release.
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8 Conclusion
We have made a library of generic collection clagee.Net.

The functionality of the library matches or surgasthe Java collection classes in range of data
structures implemented and the level of functidpaif the implementations.

A comprehensive regression test suite with goo@i@me assures trust in the correctness and
reliability of the library, except for a few knovemrors. The regression test suite also easesagvisi
of the library.

The usability of the library we have attemptednswge by following a set of rules outlined in
chapter 3. Unlike Java and .Net, the collectioss#a are designed for programming to interfaces
and not implementations. There is a substantialuataof reference and other documentation,
which needs some revision to be completely satsfa¢chough.

Good asymptotic performance of the library has lEsigned into it by employing first class data
structures. The implementation has been tunedne#ipect to internal coding alternatives, but has
not been measured extensively against competingraparable libraries.

Portability of the library and suitability for ange of programming languages will rely on the same
properties of the .Net platform.

To aid the reuse of this work for the benefit adignammers, it has been put under an MIT/X11
style open license.

Lists of tasks for further work has been laid euthapter 7 and the TODO list of the appendix.
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